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AABW Antarctic Bottom Water
ACL  Average chain-length
AEJ  African Easterly Jet
AHP  African Humid Period
AMOC Atlantic Meridional Overturning Circulation
BP  Before Present
C3 plants Plants, using C3-type photosynthesis
C4 plants Plants, using C4-type photosynthesis
CAM   Plants, capable to use both C3- and C4-type photosynthesis
CAS  Central American Seaway
CPI  Carbon peference index
D  Deuterium
IHIG  Interhemispheric insolation gradient
ITCZ  Intertropical Convergence Zone
ka  Thousand years (before present)
LGC  Last Glacial cycle
LGM  Last Glacial Maximum
LIG  Latitudinal insolation gradient
Ma  Million years (before present)
MAT  Mean air temperature
MIS  Marine isotope stage
NADW North Atlantic Deep Water
NETW Northeast trade winds
NHG  Northern Hemisphere Glaciations
ODP  Ocean Drilling Program
SST  Sea-surface temperatures (given in degree centigrade, °C)
Uk’37   Alkenone unsaturation index
VP  Water vapor pressure
VPDB  Vienna Pee Dee Belemnite
VSMOW Vienna Standard Mean Ocean Water
XRF  X-ray fluorescence
δ13C  Stable carbon isotopic composition (given in per mil, ‰ vs. VPDB) 
δ13Cwax δ13C of plant waxes
δD  Stable hydrogen isotopic composition (given in per mil, ‰ vs. VSMOW)
δDp  δD of precipitation
δDwax  δD of plant waxes
δ18O  Stable oxygen isotopic composition (given in per mil, ‰ vs. VPDB)
ε  Apparent fractionation between δDwax and δDp
Abstract
The tropical monsoon system is a pivotal feature of the atmospheric circulation and is tightly 
linked to global climate dynamics. Understanding the future development of the current 
climate change towards warmer conditions relies heavily on our knowledge of analogous 
situations in the past. One of the most promising time intervals to study a warmer-than-today 
climate is the Pliocene about 3-5 Ma ago, since it constitutes the most recent  period of the 
geological record with many boundary conditions similar to today. This PhD thesis combines 
two main topics, comprising paleoclimate variability and proxy calibration, and focuses on 
the application of stable carbon and hydrogen isotopes of plant-wax-derived long-chain n-
alkanes (δ13Cwax, δDwax), as well as other (in)organic geochemical proxies. All studies 
presented herein were carried out on marine sediments from the Northeast (NE) Atlantic 
Ocean close to West Africa, in order to characterize past environmental conditions on the 
adjacent continent (down-core analyses), as well as to strengthen the significance of the 
applied methods (surface mapping).
The hydrologic reconstruction of the Sahara-Sahel transition during the Last Glacial cycle is 
based on a deep-sea sediment core and reveals a consistent anti-correlation of the δDwax and 
δ13Cwax records throughout the last 130 ka. In line with published pollen data, this plant-wax 
signal is attributed to the combined effects of a high susceptibility  of the Sahelian vegetation 
to precipitation changes and the activity  of the NE trade winds (NETW). Dry (humid) 
conditions are indicated by  enriched (depleted) δDwax values, and promote a retreat 
(extension) of the C4-plant-dominated vegetation in the Sahel, which reduces (increases) the 
amount of C4 plant waxes exported from this region, while simultaneously, enhanced 
(weakened) NETW supply more (less) C3 plant waxes from areas to the north of the Sahara, 
resulting in more depleted (enriched) δ13Cwax values. δDwax-inferred humidity changes are 
supported by concomitant shifts in weathering intensity, based on varying major element 
ratios. Orbital-scale climate changes in West Africa are generally caused by  high-amplitude 
fluctuations in Northern Hemisphere summer insolation intensity. However, during Marine 
Isotope Stages 2 and 3, when insolation variability  was minor, the hydrologic regime was 
more prone to variations in NE Atlantic sea-surface temperatures (SST), based on alkenones.
Extending the molecular isotopic approach from the Last Glacial cycle to the Pliocene 
provides further indications that a solely  precession-dominated insolation forcing is 
insufficient to explain West African monsoon variability  as a whole. Two fundamental modes 
of orbital forcing were identified: During eccentricity maxima, i.e., when precession was 
strong, the West African monsoon was indeed controlled by summer insolation intensity, but 
during eccentricity minima, when changes in precession and thus insolation were minimal, the 
obliquity-dominated latitudinal insolation gradient during summer became the primary 
influence on the distribution of monsoonal rainfall. This hybrid insolation forcing concept 
accounts for the atmospheric/oceanic linkages between low and high latitudes, which increase 
significantly in importance during subsequent Northern Hemisphere Glaciations.
The application of δDwax as humidity proxy is still subject to ongoing research, since many 
factors may  contribute to the final isotopic signal captured in plant waxes. For this reason, the 
environmental significance of δDwax changes detected in marine surface sediments was 
investigated along a N-S-transect from Morocco to Guinea. Additional δ13Cwax analyses 
formed the basis for the attribution of the deposited plant waxes to continental vegetation 
sources. In line with previous studies, a maximum in C4 plant  contributions is found at the 
latitudes of the Sahel, while C3 plants dominate off Morocco and Guinea corresponding to the 
vegetation cover. These findings thus support further implications based on δDwax. 
Interestingly, despite of the large climate and vegetation gradient, the apparent fractionation 
(ε) of the n-C31 alkane, relative to precipitation δD (δDp), is almost invariable along the 
transect. This is also expressed in a significant correlation between its δD and annual δDp, in 
contrast to that  of the n-C29 and n-C33 alkanes. Instead, these latter two compounds correlate 
significantly with δ13Cwax and mean air temperatures, which indicates the influence of 
vegetation changes and related differences in water use efficiency on the corresponding δDwax 
signatures. This pattern is mostly restricted to the northern part, between Morocco and the 
Sahel, while in the southern part, δDwax and ε values yield negligible deviations among 
homologs, independent of mixed C3/C4 contributions. For the West African setting, the n-C31 
alkane is thus suggested as the most reliable (i.e., unbiased) indicator of the continental 
hydrologic conditions and thus, suitable for paleoclimate reconstructions. Finally, the distinct 
pattern of latitudinal changes in δDwax and δ13Cwax may provide further evidence for 
latitudinal shifts in climate and vegetation, based on the isotopic offsets between homologs.
Zusammenfassung
Der tropische Monsoon ist ein entscheidendes Element der atmosphärischen Zirkulation und 
ist somit eng verbunden mit der globalen Klimadynamik. Ein Verständnis der zukünftigen 
Entwicklung des gegenwärtigen Klimawandels zu wärmeren Bedingungen beruht erheblich 
auf unser Wissen über entsprechende Gegebenheiten in der Vergangenheit. Eine der erfolg-
versprechendsten Zeitintervalle für die Untersuchung eines, relativ zur heutigen Zeit, 
wärmeren Klimas ist das Pliozän (vor etwa 3-5 Ma), da es die jüngste Phase in der 
Erdgeschichte darstellt, in der viele Rahmenbedingungen vergleichbar zu heute waren. Diese 
Dissertation kombiniert zwei Hauptthemen, Paläoklima-Variabilität und Proxy-Kalibrierung, 
und konzentriert sich auf die Anwendung von stabilen Kohlenstoff- und Wasserstoff-Isotopen 
von Pflanzenwachs-stammenden langkettigen n-Alkanen (δ13Cwax, δDwax), sowie anderer (in)
organisch-geochemischer Proxies. Alle nachstehend präsentierten Studien wurden an marinen 
Sedimenten aus dem nordöstlichen (NE) Atlantischen Ozean nahe West Afrika durchgeführt, 
um die vergangenen Umweltbedingungen des angrenzenden Kontinents zu beschreiben 
(Bohrkern-Analyse), als auch die Bedeutung der angewendeten Methoden auszubauen 
(Oberflächen-Kartierung).
Die hydrologische Rekonstruktion des Sahara-Sahel-Grenzverlaufs während des Letzten 
Glazialen Zyklus basiert  auf einen Tiefsee-Sedimentkern und zeigt  eine beständige Anti-
korrelation zwischen δDwax und δ13Cwax Daten während der letzten 130 ka. Im Einklang mit 
publizierten Pollendaten, kann dieses Pflanzenwachs-Signal auf die sich aufsummierenden 
Effekte einer hohen Empfindlichkeit der Vegetation in der Sahel gegenüber Niederschlags-
änderungen und der Aktivität der NE Passatwinde (NETW) zurückgeführt werden. Trockene 
(feuchte) Bedingungen werden angezeigt durch angereicherte (abgereicherte) δDwax Werte, 
und begünstigen einen Rückzug (Ausbreitung) der C4-dominierten Vegetation in der Sahel, 
wodurch der Export von C4 Pflanzenmaterial aus dieser Region reduziert (erhöht) wird, 
während gleichzeitig stärkere (schwächere) NETW mehr (weniger) C3 Pflanzenwachse aus 
Gebieten nördlich der Sahara liefern, resultierend in abgereicherte (angereicherte) δ13Cwax 
Werte. Die aus den δDwax Werten abgeleiteten Feuchtigkeitsänderungen werden untermauert 
durch begleitende Änderungen in der Verwitterungsintensität, basierend auf Änderungen der 
Hauptelement-Verhältnisse. Klimawandel in West Afrika auf orbitalen Zeitskalen wird 
generell durch starke Intensitätsschwankungen in der Sonneneinstrahlung während der 
Sommerjahreszeit in der Nordhemisphäre verursacht. Während den Marinen Isotopen Stadien 
2 und 3 waren die Schwankungen in der Insolation jedoch gering und das hydrologische 
Regime wurde anfälliger für Schwankungen der NE atlantischen Meeresoberflächen-
temperaturen, basierend auf Alkenonen.
Die Erweiterung des molekular-isotopischen Ansatzes vom Letzten Glazialen Zyklus zum 
Pliozän liefert weitere Anzeichen, dass lediglich der Einfluss der präzessions-gesteuerten 
Insolation die Variabilität des West Afrikanischen Monsoon in der Gesamtheit  ungenügend 
beschreibt. Grundsätzlich konnten zwei Arten von orbitalen Änderungen bestimmt werden: 
Während Exzentrizitätsmaxima, d.h. wenn Schwankungen in der Präzession am stärksten 
waren, wurde der West Afrikanische Monsoon in der Tat von der Sonneneintrahlung während 
des Sommers dominiert, aber während Exzentrizitätsminima, als Änderungen in der 
Präzession und somit in der Sonneneinstrahlung gering waren, wurde der latitudinale 
Insolationsgradient, der im Sommer durch die Obliquität gesteuert wird, zum primären 
Einfluss auf die Regenverteilung. Dieses Konzept einer hybriden Insolationssteuerung 
berücksichtigt die atmosphärischen und ozeanographischen Koppelungen zwischen den 
niederen und hohen Breiten, welche während der folgenden Nordhemisphären-Vereisungen 
entscheidend an Bedeutung zunehmen.
Die Anwendung von δDwax als Feuchtigkeitsindikator ist nach wie vor Bestandteil laufender 
Forschung, da zahlreiche Faktoren in das endgültige Isotopensignal von Pflanzenwachsen 
miteinfließen können. Aus diesem Grund wurde die ökologische Aussagekraft von δDwax 
Änderungen in marinen Oberflächensedimenten entlang eines N-S-Transekts von Marokko 
bis Guinea untersucht. Zusätzliche δ13Cwax Analysen bildeten die Grundlage für die 
Zuordnung der abgelagerten Plfanzenwachse zu kontinentalen Vegetationsquellen. Im 
Einklang mit früheren Studien, wurden die höchsten C4 Pflanzeneinträge vor der Sahel und 
höchste C3 Pflanzeneinträge vor Marokko und Guinea gefunden, entsprechend der Vegetation 
an Land. Diese Ergebnisse unterstützen daher weitere Schlussfolgerungen, basierend auf 
δDwax. Interessanterweise bleibt trotz des großen Klima- und Vegetationsgradienten die 
scheinbare Fraktionierung (ε) der n-C31 Alkane, relativ zum δD im Niederschlag (δDp), 
nahezu unverändert entlang des Transekts. Dies zeigt sich auch in einer signifikanten 
Korrelation zwischen dessen δD und jährlichen δDp Werten, im Gegensatz zu denen der n-C29 
und n-C33 Alkane. Stattdessen korrelieren letztere Komponenten mit δ13Cwax und 
Lufttemperatur, was auf einen Einfluss von Vegetationsänderungen und damit einhergehende 
Unterschiede in der Wassernutzung auf das dazugehörige δDwax Signal hinweist. Dieses 
Muster beschränkt sich auf den nördlichen Teil, zwischen Marokko und der Sahel, während 
im südlichen Teil die δDwax und ε Werte vernachlässigbare Abweichungen zwischen den 
Homologen zeigen, unabhängig von einer gemischten C3/C4 Vegetation. Für Westafrika kann 
somit abgeleitet werden, dass die n-C31 Alkane am verlässlichsten (d.h. unverfälschtesten) die 
hydrologischen Bedingungen an Land reflektieren, und von daher geeignet sind für 
Paläoklima-Rekonstruktionen. Letztendlich zeigt sich auch, dass das deutliche Muster in den 
latitudinalen Änderungen von δDwax und δ13Cwax einen zusätzlichen Ansatz bietet, um Klima- 
und Vegetationsänderungen zu erfassen, basierend auf den isotopischen Unterschieden 
zwischen den einzelnen Homologen.
I  
Introduction
The hydrologic cycle is of vital importance for the global climate system, owing to its 
function in regulating the heat and moisture balance. This is mainly  achieved through the 
atmospheric and ocean circulation, which tend to equalize the differences in solar heating 
between low and high latitudes. Without these effects, the average annual equator-to-pole 
temperature gradient would amount to around 100 °C compared to the actual value of around 
40 °C (Lindzen, 1990, 1994). The importance of this heat redistribution is further illustrated 
by the fact that around 50% of the annual energy  budget of high latitudes originates from 
lower latitudes (Peixoto and Oort, 1992), peaking in winter, when polar night conditions 
prevail at high latitudes (Davis and Brewer, 2011). In this way, atmospheric water vapor acts 
as the dominant greenhouse gas, exerting an important feedback on global warming (e.g., 
Held and Soden, 2000). According to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change (IPCC, 2014), climate models still perform less well for future 
changes in precipitation than, e.g., for surface temperature, and processes involving clouds 
and aerosols are also represented with low confidence. For instance, future climate models 
reach no consistent prediction of African rainfall, and such uncertainties emphasize the 
limitations of our current understanding of the global climate system (Giannini et al., 2008a). 
However, it seems possible that monsoon systems will expand in the future associated with 
more frequent and more intense precipitation events in the tropics, while subtropical areas, 
like the Sahara desert, will likely experience increased aridification (IPCC, 2014). Our current 
state of knowledge on climate dynamics thus remains limited, especially  when focusing on 
the instrumental record since 1850 (e.g., Brohan et al., 2006).
Another possibility to assess the dynamics of a changing climate, including the diverse 
processes involved and its environmental impacts on the flora and fauna, is achieved by 
paleoclimate studies. These provide the unique advantage to investigate long-term 
developments of diverse aspects related to climate, such as temperature, ocean circulation, as 
well as floral and faunal assemblages adapted to different marine and terrestrial environments. 
Long, continuous archives are the basis of such studies, particularly found in marine 
sediments, which accumulated over geological timescales, spanning a range of up to several 
millions of years (Ma) with a temporal resolution of hundreds to thousands of years (ka). 
Considering the future climate warming, investigations of analogous conditions in the past are 
fundamental for our understanding of the underlying mechanisms. A suitable time interval to 
study a warmer-than-today climate is the Pliocene (~3-5 Ma), which is often referred to as 
future analog, since it constitutes the last warm period of the geological record, including 
many boundary conditions similar to today (Dowsett et al., 2013; Haywood et al., 2013b).
____________________________________________________________I Introduction
______________________________________________________________________
1
A prominent method in paleoclimate research is based on the stable oxygen isotopic 
composition (δ18O) of marine organisms (like planktonic and benthic foraminifera) preserved 
in marine sediments or from O2 gas inclusions trapped in continental ice sheets, which can be 
either related to changes in temperature, salinity  and/or ice volume (e.g., Petit et al., 1999; 
Shackleton, 2000; Haug et al., 2001). Equally, the stable carbon isotopic composition (δ13C) 
of benthic foraminifera can be used as indicator for past changes in deep-sea ventilation, 
which is mostly  a function of the intensity of the Meridional Overturning Circulation (MOC), 
an integral part of the global climate system, also called thermohaline circulation (Raymo et 
al., 1990; Vidal et al., 1997). In this context, it becomes clear that the relevance of 
paleoclimate studies is also based on the fact that there is no observational evidence of a long-
term trend in Atlantic MOC (AMOC) variations available (IPCC, 2014). In contrast to marine 
settings, continental paleo-archives are by  far more fragmentary and less frequent. Therefore, 
our understanding of climate-driven shifts in the terrestrial biosphere also heavily relies on 
marine sediments (Larrasoaña et al., 2013), which are supplied with terrigenous material by 
aeolian and fluvial transport (e.g., Holz et al., 2004; Huang et al., 2000).
Typical (paleo)environmental proxies to assess variations in terrestrial climate and 
vegetation are dust (based on chemical, grain size, clay mineral and Sr/Nd isotopic 
compositions) and palynological records (pollen assemblages of different plant taxa), 
indicating changes in aridity (e.g., Tiedemann et al., 1994) and the composition and 
distribution of plants adapted to different environments (e.g., Dupont, 2011). The 
development of new analytical methods provides the basis for the application of more 
sophisticated proxies like compound-specific carbon (e.g., Freeman et al., 1989; Hayes et al., 
1990; Collister et al., 1994; Simoneit, 1997) and hydrogen (e.g., Estep  and Hoering, 1980; 
Sternberg, 1988; Sessions et al., 1999) isotopes, which are both influenced by environmental 
and biochemical effects.
This thesis investigates the long-term development of the West African monsoon and 
vegetation during the Pliocene and the Last Glacial cycle, in order to identify  the links 
between low-latitude climate variability and orbital changes, as well as to the global climate 
reorganization related to, for instance, ocean gateway closure (Central American Seaway), 
Northern Hemisphere Glaciation and associated changes in AMOC and the atmospheric 
circulation. Another key aspect is to improve the application of plant-wax-specific stable 
hydrogen and carbon isotopes preserved in marine sediments as proxy for past changes in 
hydrology and vegetation within the West African setting.
The following chapters provide a brief overview of today‘s rainfall variability (section 
1.1.1) and vegetation belts in Africa (section 1.1.2), dust sources and sinks (section 1.1.3) and 
the North Atlantic circulation (section 1.1.4). The second part of the Introduction has a focus 
on the role of extra-terrestrial forcing (section 1.2.1) and presents evidence for climate change 
during the past 5 Ma, covering the Pliocene (section 1.2.2), Northern Hemisphere Glaciations 
(section 1.2.3), Last Glacial cycle (section 1.2.4) and some background information on the 
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implications for hominin evolution and migration (section 1.2.5). Scientific objectives, 
approach and outline are given in Chapter II, including a summary of sample material (section 
2.2.1), a short discussion on age models (section 2.2.2) and a brief description of the applied 
methods (sections 2.2.3-2.2.7). Details on the analytical procedures are provided in each 
Methods section of Chapters III, IV and V. These chapters form the main part of this thesis, 
comprising three manuscripts, that are either published in (Chapter III), submitted to (Chapter 
IV) or ready for submission (Chapter V) to international scientific journals. The final Chapter 
VI presents, in a nutshell, a synthesis of the main findings that  have been generated during 
this PhD project and extends the discussion on these topics, including further implications and 
new approaches for the assessment of past environmental changes in the (sub-)tropics.
1.1 Environmental setting of West Africa
1.1.1 Rainfall variability
The amount and distribution of precipitation in West Africa is a function of latitude 
(Nicholson, 2009; Fig. 1.1). This is related to seasonal shifts of the pressure field over the 
Sahara and the position of the convergence zones, notably the Intertropical Convergence Zone 
(ITCZ; Fig. 1.2). During boreal summer (July/August), a low pressure system is formed over 
the Sahara due to stronger heating of the North African continent (sensible heating) relative to 
the adjacent ocean (latent heating), and is situated between the NE trade winds (NETW) and 
the moist “SW monsoon“ (SE trade winds turning to SW after crossing the equator due to the 
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Fig. 1.1: Rainfall distribution in Africa with (a) the spatial pattern of mean annual rainfall (modified after Gasse 
et al., 2008) and (b) monthly rainfall amounts as a function of latitude, following the seasonal migration of the 
ITCZ (modified after Nicholson, 2009). The seasonal cycle at selected meteorological stations is displayed on 
the left in (b).
Coriolis effect). The ITCZ lies in-between at ~18°-20°N and results from the convergence of 
these two wind systems. Another convergence zone (Zaire/Congo Air Boundary) in the 
eastern part of Africa separates the inflows of the Atlantic and Indian Oceans. Over southern 
Africa, high pressure dominates during austral winter. Seasonal changes of these pressure 
systems and associated winds lead to a reversed pattern, with high pressure forming over the 
Sahara and low pressure over southern Africa. This forces the convergence zones to move 
southward, most obvious for the ITCZ, which reaches far into the Southern Hemisphere (Fig. 
1.2). Tropical rainfall is tightly  linked to atmospheric dynamics in higher altitudes, involving 
the African Easterly Jet (AEJ) and the Tropical Easterly Jet, rather than only to processes at 
the surface (Nicholson, 2009). Highest precipitation amounts are found in the equatorial 
region, where it easily  exceeds 2000 mm in the course of a year. The equatorial regions are 
marked by  a double rainfall maximum, occurring during the transition seasons, which is 
mostly  attributed to the latitudinal migration of the ITCZ. In contrast, precipitation of the 
temperate regions in northern and southern Africa is influenced by  the mid-latitude westerlies, 
with mean annual rainfall of ~800-1000 mm, maximizing during the winter season. 
Regionally, high-altitude areas, like those of eastern Africa and the coastal regions of Liberia, 
Sierra Leone and Guinea, also experience high precipitation amounts. The Sahara desert 
separates the summer and winter precipitation regimes in the Northern Hemisphere and thus, 
exhibits a more complex pattern. Most of the rainfall in the desert occurs during the transition 
seasons and has an extra-tropical origin related to the mid-latitude westerlies (Nicholson, 
1981), interacting with the tropical easterlies (Nicholson, 2000). In exceptional cases, such as 
the intense rainfalls in Algeria and Tunisia in September of 1969, which led to catastrophic 
floods, winter rainfall is occasionally  penetrating further south, being responsible for the 
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Fig. 1.2: Low-level atmospheric circulation over Africa during boreal summer (left) and winter (right) (adapted 
from Gasse et al., 2008; modified after Nicholson, 1996). NAA, North Atlantic Anticyclone; SAA, South 
Atlantic Anticyclone; AA, Arabian Anticyclone; SIA, South Indian Anticyclone; L, major low pressure cell; 
WAM, West African Monsoon; NEM, northerly East African monsoon; SEM, southerly East African monsoon; 
dotted line: Intertropical Convergence Zone (ITCZ); dashed line: Congo Air Boundary (CAB). Latitudinal 
cross section: SHC, southern Hadley Cell; NHC, northern Hadley Cell.
majority  of rain events in the central parts of the desert. The rainfall regime in the Southern 
Hemisphere is similarly complex. A precipitation maximum is mostly reached during austral 
summer (January), while many regions like the western part are more influenced by the 
transition seasons and are often linked to SST changes of the adjacent South Atlantic 
(Nicholson, 2000). High sensitivity to tropical SST changes was also observed for rainfall 
variability in the Sahel on interannual and interdecadal timescales (Giannini et al., 2003, 
2008a,b). This is also supported by Nicholson (2009), who attributed this relationship to the 
accompanying changes in the pressure gradient.
The seasonal migration of the tropical atmospheric circulation is asymmetric, as its 
southward shift occurs much faster than the northward, explaining the generally abrupt ending 
of the rainy season (Nicholson and Grist, 2003). In turn, precipitation during the wet season 
moderates the surface temperatures, thus enhancing the temperature contrast to the hyperarid 
Sahara in the north, which strengthens the AEJ during its northward displacement after 
rainfall (Nicholson and Grist, 2003). In addition, mesoscale (10-40 km) soil-moisture 
gradients appear to be important to promote storm initiation during the wet season in the 
Sahel, indicating the importance of land-atmosphere feedbacks on atmospheric convection 
(Taylor et al., 2011). This also includes changes in the vegetation cover, that are seen as 
amplifiers of the oceanic forcing through feedback mechanisms related to surface albedo and 
the moisture balance (Giannini et al., 2008a,b).
1.1.2 Vegetation distribution and composition
Rainfall variability is of primary  importance for the distribution and composition of 
African biomes (White, 1983; Mayaux et al., 2004; Fig. 1.3 and 1.4): Focusing on West 
Africa, vegetation to the north of the Sahara generally comprises forests and steppes. The 
former consists of (among others) Quercus (oak tree), Pinus (pine tree) and Cedrus (Cedar), 
while the latter has grasses (e.g., Stripa) and shrubs (Ephedra and Artemisia). Some Artemisia 
sp. are also abundant in mountainous areas. The semi-desert grasslands and shrublands of the 
steppe form the northern transition zone to the Sahara desert in the south. A special feature of 
southwestern Morocco is the argan tree (Argania spinosa), which are endemic to this region 
and very  appreciated for the production of consumable oil. The desert harbors only a sparse 
vegetation of C4 plants (e.g., Amaranthaceae) and rarely CAM (Crassulacean Acid 
Metabolism) plants. Comparable to the steppe in the north, the Sahel constitutes the southern 
transition zone to the Sahara. The northern part of the Sahel consists of semi-desert  grass-/
shrubland, whereas the southern part comprises Acacia wooded grassland and deciduous 
bushland. Opposite to the C3 vegetation north of the Sahara, subtropical grass species of the 
Sahel are almost exclusively  of C4-type, which have an evolutionary advantage (relative to C3 
plants) under warm and arid climates (e.g., Ehleringer et al., 1997). The Sahel is most prone 
to climate perturbations, as evidenced by repeated severe droughts during the last century 
(Heinrigs and Perret, 2009; see also Fig. 1.4). Towards the tropics at lower latitudes, the 
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Fig. 1.3: Modern distribution of African biomes (modified after Mayaux et al., 2004). The detailed subdivision 
of the vegetation is simplified as indicated on the map.
Fig. 1.4: Seasonal extremes in vegetaion (top) and rainfall (bottom) in sub-Saharan Africa: Boreal winter (left) 
vs. summer (right) (available at: www.earthobservatory.nasa.gov). NDVI,  Normalized Difference Vegetation 
Index.
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contributions of C3 plants become dominant again in the Sudanian and Guinean vegetation 
belts, peaking in the Guinean and Congolian tropical rain forests. In addition, mangroves 
occur along the coastline in the vicinity of rivers.
1.1.3 Dust generation, transport and sedimentation
Atmospheric dust may influence the climate system by  its feedbacks on the radiative 
balance, chemical interactions with other aerosols and by acting as natural fertilizer for 
terrestrial and marine ecosystems (Goudie and Middleton, 2001; Kohfeld and Harrison, 2001 
and references therein). The Sahara is the largest  desert in the world, covering an area of 
about 9,000,000 km2 (equivalent to 33% of the whole African continent; Mayaux et al., 2004). 
As such, it is also the world‘s largest dust  source, probably accounting for nearly  half of the 
terrigenous material supplied to the world‘s oceans by aeolian transport (Goudie and 
Middleton, 2001). The spatial extent of atmospheric dust over Africa is well captured by 
satellite images derived from the Total Ozone Mapping Spectrometer (TOMS; Fig. 1.5), 
which provides a means to monitor dust outbreaks from the continent on a daily basis. 
Provenance studies on present-day dust samples are based on physical, chemical, 
mineralogical and isotopic properties of the aerosols combined with modern observational 
data, including backward air trajectories and satellite images (e.g., Chiapello et al., 1995, 
1997; Moulin and Chiapello, 2004; Stuut et al., 2005; Meyer et al., 2011). While the grain size 
of dust particles has been shown to correlate with barometric pressure and wind speed in 
some areas (e.g., Clemens, 1998), the relationship  is more complicated for the West African 
setting, since it became evident that grain size variations incorporate a combination of wind 
speed and the distance to the dust source (Stuut et  al., 2005). Still, different grain size 
fractions can be attributed to different 
transport mechanisms (aeolian vs. fluvial) and 
carry  different Sr isotopic signatures, linked 
to variations in chemical weathering intensity 
(Meyer et al., 2011).
As mentioned in section 1.1.1, the main 
wind systems over West Africa are the low-
altitude NETW and the high-altitude AEJ. 
Aeolian transport of terrigenous material to 
the NE Atlantic offshore West Africa is 
mostly  dominated by the NETW, in contrast 
to the long distance transport of the AEJ, 
which carries dust from the southern fringe of 
the Sahara and the Sahel westward across the 
Atlantic Ocean (e.g., Pye, 1987; Chiapello et 
al., 1995, 1997; Prospero, 1996; Ratmeyer et 
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Fig. 1.5: Atmospheric dust over Africa and the 
adjacent Atlantic indicated by satellite-based daily 
images of the Total Ozone Mapping Spectrometer 
(TOMS) for the period 1979-2000 (modified after 
Moulin and Chiapello, 2004). Major wind systems 
are indicated (arrows). AEJ, African Easterly Jet; 
NETW, Northeast Trade Winds.
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al., 1999a,b; Stuut et al., 2005). This NETW predominance is illustrated by a coherent NE-
SW-striking trend in the spatial pattern of Sr-Nd isotopes in marine surface sediments 
(Grousset et  al., 1998) and aerosols (Skonieczny et al., 2011), as well as in grain sizes (Stuut 
et al., 2005) and clay minerals (Lange, 1982). The seasonal variations are well assessed by  the 
distinct temporal offsets in atmospheric dust  concentrations at either side of the Atlantic 
Ocean, with a winter maximum in the east (proximal to the 
African continent), related to the NETW, and a summer 
maximum in the west, attributed to the long distance 
transport of the AEJ (Chiapello et al., 1995; Goudie and 
Middleton, 2001; Fig. 1.6). Both wind systems are 
responsible for the delivery  of terrigenous organic 
material, including plant waxes, to the marine depositional 
environment (e.g., Simoneit et al., 1977; Gagosian et al., 
1981; Huang et al., 2000; Schefuß et al., 2003a). Proximal 
to the coast, river discharge may contribute significantly  to 
the accumulation of terrigenous material in marine 
sediments and the aeolian-derived fraction thus mixes with 
fluvial contributions (Holz et al., 2004; Huang et al., 
2000). The comparison of Sr-Nd isotopes in dust and 
marine sediments even suggest that the terrigenous fraction 
is predominantly derived from major dust storms, which 
have the potential to integrate various dust sources from a 
large area, including Mauritania, Mali and southern 
Algeria (Skonieczny et al., 2011). In addition, the Bodélé 
depression in the central Sahara (near Lake Chad) 
constitutes another major dust source, as also seen in 
TOMS data (Fig. 1.5). Overall, the Sahel was identified as 
the major dust source for the supply  of terrigenous 
material, including organic constituents, to the study area 
(ODP Site 659) in the adjacent NE Atlantic (Chiapello et 
al., 1995, 1997; Simoneit, 1997; Huang et al., 2000; 
Schefuß et al., 2003a). The multi-annual TOMS data 
(1979-2000) also demonstrates that dust  outbreaks are 
likely determined by the vegetation dynamics immediate 
south of the Sahara, revealed by a large-scale correlation 
between drought events in the Sahel and increased dust 
export during the subsequent year (Moulin and Chiapello, 
2004).
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Fig. 1.6: Averaged dust concentrations 
measured at Sal (Cape Verde Islands) 
offshore West Africa and Barbados 
(Carribean Sea) for the periods 1992- 
1994 and 1973-1992, respectively 
(after Chiapello et al., 1995).  The 
winter dust maximum at Sal is 
associated with the low-altitude 
NETW, which maximize in strength 
during winter. The summer dust 
maximum at Barbados is attributed to 
the long-distance transport by the AEJ, 
which is strongest in summer, carrying 
mineral dust across the Atlantic.
1.1.4 North Atlantic circulation
The main ocean surface currents offshore West Africa are mainly wind-driven and 
comprise the Canary Current, Guinea Current, North Equatorial Current and North Equatorial 
Counter Current (Sarnthein et al., 1982; Mittelstaedt, 1991; Fig. 1.7). The Canary Current is 
part of the Eastern Boundary Current of the subtropical North Atlantic Gyre, transporting cool 
waters southward along the West African continental margin to 25°N-20°N and continues 
southwestward, gradually merging into the North Equatorial Current. Coastal upwelling of 
cold and nutrient-rich waters in the Cape Blanc (permanent) and Cape Verde (seasonal) areas 
is linked to NETW intensity (Mittelstaedt, 1991). The North Equatorial Counter Current flows 
south of 10°N with an eastward direction, reaching a maximum in strength during summer 
and early fall. Close to the African continent, this current splits into a northern and eastward 
continuing component. The northern branch extends to ca. 14°N in early spring and 
propagates northward to 20°N until early fall, while the eastward continuation of the North 
Equatorial Counter Current is incorporated in the Guinea Current.
The western counterpart of the Canary Current is the Gulf Stream, which transports 
tropical waters from the Carribean Sea and tropical Atlantic towards higher latitudes. This 
inflow water is more saline than the surrouding North Atlantic water masses and is introduced 
to cooling, which further increases its density, resulting in deep-water formation in the 
northern North Atlantic (especially in the Barrents shelf area), regarded as the key position for 
AMOC initiation (and termination) and the 
global thermohaline circulation (e.g., Schmitz, 
1995; Sarnthein et al., 2000). Sinking water 
masses lead to the displacement of deeper water 
masses and, consequently, maintain a southward 
flowing current comprising the North Atlantic 
Intermediate Water and North Atlantic Deep 
Water (NADW). A comparable situation is 
found in the Southern Hemisphere with the 
formation of Antarctic Intermediate Water and 
Antarctic Bottom Water (AABW), with the 
latter having the highest density, thus under-
cutting the NADW by penetrating into the 
North Atlantic. Variations in AMOC strength 
are related to and thus detectable by latitudinal 
shifts of the contributing deep water masses and 
their distinctive chatracteristics recorded in 
deep-sea proxy records (Sarnthein et  al., 1994; 
Vidal et al., 1997). NADW formation is 
associated with the transfer of heat and moisture 
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Fig. 1.7: North Atlantic circulation (simplified after 
Sarnthein et al.,  1982, 2001).  Major currents at the 
surface (white) and in the deep sea (grey, dashed) 
are indicated. CC, Canary Current; GC, Guinea 
Current; NEC, North Equatorial Current; NECC, 
North Equatorial Counter Current; GS, Gulf 
Stream; NAC, North Atlantic Current; PC, Portugal 
Current; AABW, Antarctic Bottom Water.  Black 
squares indicate major locations of North Atlantic 
Deep-water (NADW) formation. Globe: Google 
Earth.
to the atmosphere, which contributes significantly to the relatively  bland European climate of 
today (Berger et al. 1987).
Considering the depositional environment of the NE Atlantic, it has been shown that the 
potential displacement of the sinking terrigenous material by ocean currents is negligible in 
this setting, reflected by the coherent latitudinal distribution of vegetation belts and marine 
sedimentary  pollen assemblages (Hooghiemstra and Agwu, 1986; Dupont and Agwu, 1991; 
Hooghiemstra et al., 2006) and stable carbon isotopes (δ13C) of plant waxes (Huang et al., 
2000). Time-series data of sediment traps support these observations, indicating a significant 
correlation between the fluxes of organic carbon and lithogenic particles, with a fast and 
nearly unaffected sinking to the seafloor (Ratmeyer et al., 1999a,b).
1.2 Climate change and its implications over the past 5 Ma
1.2.1 The role of extra-terrestrial forcing
Explaining cyclical variations in proxy records is a basic challenge in paleoclimatology. It 
has become clear that the global climate system strongly  depends on periodic and quasi-
periodic variations in the Earth‘s orbital position and distance to the sun, with three main 
parameters determining the amount and distribution of sunlight received by the Earth: These 
include the shape of the Earth‘s orbit around the sun (eccentricity), the tilt of the Earth‘s axis 
of rotation (obliquity) and its tumbling (precession), which vary on timescales of 400/125 ka, 
41 ka and 23/19 ka, respectively (Fig. 1.8; Hays et al., 1976; Berger, 1978; Berger and Loutre, 
1991; Laskar et al., 1993, 2004). The Earth‘s current tilt is ca. 23.43°, but varies between 
22.04° and 24.50° on the 41 ka obliquity  cycle. Eccentricity (i.e., a more elliptical or circular 
orbit) modulates the amplitude of precession, with the latter controlling seasonal insolation 
intensities, as it  shifts the occurrence (or positions) of seasons along the Earth‘s orbit. This 
causes a strengthening of the sesonal contrast in one hemisphere, while the other hemisphere 
experiences a decrease (Fig 1.8). The influence of precession is strongest at the equator and 
diminishes towards higher latitudes. Also obliquity influences the latitudinal distribution of 
insolation and thus seasonality, but in contrast to precession, it is (1) most  pronounced at high 
latitudes and (2) has a symmetric effect on both hemispheres. Additional mechanisms related 
to, for instance, ice sheet and vegetation feedbacks can act as amplifiers of the orbital forcing 
(e.g., Willeit et al., 2013). The climatic influence of changes in solar activity  is rather limited 
to shorter timescales and is likely a second-order effect (Bard and Frank, 2006). However, 
solar (11 a) and lunar (18.6 a) cycles have been demonstrated to influence the latitudinal 
temperature gradient (Davis and Brewer, 2011), which was recently supported by further 
empirical evidence (Soon and Legates, 2013).
Since the direct influence of eccentricity on insolation changes is considered too small 
(<0.1%) to explain the observed climate changes (the “100 ka problem”), “eccentricity-
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like” (100 ka) cycles in climate proxy records are typically ascribed to non-linear feedback 
mechanisms between insolation and the dynamic response of the internal components, like the 
atmosphere, oceans, ice sheets and lithosphere, rather than originating directly from 
eccentricity forcing (e.g., Imbrie et al., 1993; Shackleton, 2000). In contrast, it was also 
argued that the modulation of the precession cycle by eccentricity provides a sufficient 
indication for the presence of its low-frequency  cycles in proxy data (e.g., Muller and 
MacDonald, 2002). Spectral analysis of the benthic δ18O record from subtropical ODP Site 
659 indicates that its eccentricity component derives from the preferential response to the 
warm phases of the eccentricity-modulated precession cycle, thus supporting the link between 
400/125 ka cycles and eccentricity (Clemens and Tiedemann, 1997). Alternatively, Muller and 
MacDonald (e.g., 1995, 1997a,b,c) suggest that the low-frequency periodicity  of 100 ka may 
even result from changes in the inclination of the Earth’s orbit relative to the (invariable) 
plane of the solar system, and that eccentricity seems to affect climate only locally. This 
“inclination hypothesis“ is based on the findings that inclination produces a single narrow 
spectral peak at 100 ka (as do many  proxy records), withouth a 400 ka peak and solves their 
so-called “causality  problem” (abrupt glacial terminations preceeded insolation-driven 
warming; see Karner and Muller, 2000). The authors note that the basic problem of this 
hypothesis is the fact that inclination has no influence on insolation, but maybe still on 
climate linked to the extraterrestrial accretion of meteoroids and dust within the invariable 
solar plane and its effect on insolation. However, the theory remains speculative, since there is 
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Fig. 1.8: Main orbital parameters of Earth for the last 1 Ma (Laskar et al.,  2004). The variations result from the 
gravitational forces exerted by other celestial bodies on the Earth‘s orbit, affecting (a) eccentricity (near circular 
to elliptical orbit), (b) obliquity (tilt of Earth‘s axis of rotation) and (c) precession (wobble of the axis of 
rotation).
no evidence for the presence of a meteoroid or dust  band that captures all necessary  features 
to imprint a 100 ka inclination signal on climate records (Muller and MacDonald, 1997c).
High-latitude summer insolation is generally regarded as the most influential orbital 
parameter, especially in driving glacial-interglacial cycles (e.g., Milankovich, 1930/1972; 
Imbrie et  al., 1992, 1993; Fig. 1.9), though also winter insolation has been tentatively 
suggested as main cause of the high-latitude climate cycles during the late Pliocene and early 
Pleistocene (Muller and MacDonald, 2002). But still, since seasonal variations in insolation 
(summer and winter) are dominated at all latitudes by precession, it has become clear that the 
obliquity signal within the glacial record is difficult to explain by only assuming this forcing 
mechanism (the “41 ka problem”; see Muller and MacDonald, 2002; Raymo and Nisancioglu, 
2003). Equally, mean annual insolation varies with obliquity, but its changes are considered 
too small to have an influence on climate (Fig. 1.9). Complementary  to high latitudes, African 
monsoon variability on orbital timescales is mostly  explained by variations in local summer 
insolation (e.g., Kutzbach, 1981; Rossignol-Strick, 1983; Kutzbach and Street-Perrott, 1985; 
Tiedemann et al., 1994; deMenocal, 1995, 2004; Gasse, 2006; Ruddiman, 2006; Trauth et al., 
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Fig. 1.9: Comparison of (a) simplified representation of glacial-interglacial cycles during the last 500 ka 
(SPECMAP; Imbrie et al., 1984) with two alternative orbital forcings, (b) high-latitude summer insolation and 
(c) annual mean insolation (after Davis and Brewer, 2009).  The corresponding spectral analyses are shown on 
the right (after Torrence and Compo, 1998). While the SPECMAP record contains all main orbital cycles,  high-
latitude summer insolation is dominated by precession and cannot account for the obliquity signal in the record. 
Annual mean insolation is mainly controlled by obliquity, but the changes are very small.  Equally, the 
eccentricity signal in the insolation parameters is weak, relative to the glacial-interglacial record.
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2009; Larrasoaña et al., 2013). Maximum insolation intensities are thus expected to enhance 
the tropical monsoon circulation, analogous to modern seasonal variations (see section 1.1.1). 
Still, obliquity cycles are clearly  evident  in a number of low-latitude climate records, 
including Mediterranean sapropels (Lourens et al., 1996a), dust (Tiedemann et al., 1994) and 
pollen (Dupont et  al., 1989) flux rates from West  Africa, as well as Indian and East Asian 
monsoon records (Clemens and Prell, 2007). Considering African vegetation changes, a 
synthesis of pollen records revealed different forcing mechanisms, depending on the latitude 
(Dupont, 2011). As such, it was found that the tropical rain forests varied with precession-
driven summer insolation, while the subtropical vegetation seems to be controlled by changes 
in obliquity and glacial boundary  conditions (assumed for the 100 ka cycle). For the same 
reason as in the case of the glacial record, these observations are difficult to explain, since 
changes in obliquity  have no considerable influence on low-latitude insolation (e.g., Laskar, 
1990).
A plausible mechanism that incorporates (1) a strong obliquity signal, (2) high-amplitude 
changes and (3) the climatic linkage between low and high latitudes is found in the latitudinal 
insolation gradient (LIG) between high and low latitudes (e.g., Davis and Brewer, 2009; Fig. 
1.10). This leads to differential heating between the cold polar regions and the hot tropics and 
creates the latitudinal temperature/pressure gradient, which ultimately  controls the poleward 
heat and moisture transport, a mechanism that has been invoked in the so-called “gradient 
hypothesis” by Raymo and Nisancioglu (2003) to explain the strong obliquity  rhythm of 
glacial-interglacial cycles between 0.8-3.0 Ma (the “41 ka world”). Interestingly, a 
comparison of temperature records from Antarctica and the tropical Pacific revealed coherent 
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Fig. 1.10: The latitudinal insolation gradient (LIG) during (a) summer and (b) winter (after Davis and Brewer, 
2009). Corresponding spectral analyses are displayed on the right (after Torrence and Compo, 1998). During 
summer, polar day conditions at high latitudes amplify the obliquity signal imprinted on the LIG. In contrast, 
polar night conditions during winter result in a dominant control of low-latitude insolation, which is dominated 
by precession, on the LIG.
changes in the obliquity band, for which changes in tropical heat export  were considered to be 
in part responsible (Jouzel et  al., 2007), as already suggested by Vimeux et al. (1999). 
Furthermore, also the Indian and East Asian monsoon systems are better correlated with 
obliquity than with precession, at least for the last 75 ka (Clemens and Prell, 2007). In this 
context, it  is important to emphasize that obliquity changes are in phase between hemispheres, 
so that it  appears plausible that the link between the climatic conditions of the northern/
southern high latitudes and the tropics is established by the LIG, which is dominated by 
obliquity during the summer season of each hemisphere (Raymo and Nisancioglu, 2003; 
Davis and Brewer, 2009). This is supported by recent climate models that simulate an 
enhanced mid-latitude eddy circulation (which is important for the heat and moisture transport 
from low to high latitudes) in response to low obliquity  (and thus a strong summer LIG), and 
a concomitant  shift of the poleward boundaries of the tropical rain belt towards the equator 
(Mantsis et al., 2014). It was also found that the orbital forcing associated with a change in 
obliquity is qualitatively (not mechanistically) analogous to global warming simulations 
(Kang and Lu, 2012) and El Niño Southern Oscillation (ENSO) heating scenarios (Lu et al., 
2008). On the one hand, under high obliquity and global warming, the mid-latitude eddy 
activity weakens and the Hadley cell expands poleward and thus, a northward shift of the 
ITCZ, while on the other hand, low obliquity  and ENSO heating shift the ITCZ towards the 
equator (Kang and Lu, 2012; Mantsis et al., 2014).
Considering the strength of interglacials, the Antarctic temperature record of the past 800 
ka suggests that the phasing between precession and obliquity  may serve as an explanation for 
their varying intensities (Jouzel et al., 2007). In this way, strong interglacials are expected to 
result from summer insolation maxima in-phase (within 5 ka) with obliquity  maxima, while 
an anti-phasing between the two seems to have a compensating effect inducing weak 
interglacials. Specific focus on the duration of interglacials during the past 800 ka revealed 
that the onset of interglacials coincides with a maximum in boreal summer insolation (i.e., 
precession minimum), consistent with Milankovitch forcing (Milankovitch, 1941; Hays et al., 
1976), while glacial inception occurred during decreasing obliquity and never after its 
minimum (Tzedakis et al., 2012). The authors emphasize the importance of the phase 
relationship  between precession and obliquity for the persistence of interglacials over one or 
two insolation maxima, thus explaining interglacials with shorter (ca. 13 ka) and longer (ca. 
28 ka) duration.
Further discussion on these topics, in light of the herein presented findings, can be found in 
sections 4.4.2 and 6.5, with the former having an emphasis on the variable presence of 
obliquity cycles in West African monsoon records and the latter providing a stronger focus on 
the phase relationships between precession and obliquity.
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1.2.2 The Pliocene Epoch
The Pliocene Epoch (Plio more, Cene recent) comprises the time interval between 2.588 
and 5.332 Ma and is a period of fundamental changes in the Earth’s climate system, spanning 
the transition from globally  warm conditions with low-amplitude variability  to high-amplitude 
climate shifts associated with the onset of NHG (Dowsett et al., 2013). 
The major climatic reorganization during the Pliocene is linked to the shoaling of the 
Central American Seaway (CAS) since ~4.8 Ma, which diverted warm saline waters from the 
western tropical Atlantic to the North Atlantic, enhancing the heat transport to northern high 
latitudes (Haug and Tiedemann, 1998; Steph et al., 2010). Further proxy  evidence (Bartoli et 
al., 2005), as well as climate models (e.g., Prange and Schulz, 2004; Klocker et al., 2005; 
Lunt et al., 2008) confirm the role of the final CAS closure in triggering increased poleward 
heat transport and AMOC. It is argued that this led to increased humidity, which increased 
rainfall in NW Eurasia and runoff from Siberia, resulting in a freshening of the Arctic Ocean 
and finally, to the development of large ice sheets in the Northern Hemisphere (“Panama 
Hypothesis”; Driscoll and Haug, 1998) starting at ~3.3 Ma (Jansen et al., 2000; see next 
section). In contrast to future projections, the Pliocene world was marked by expanded 
tropical warm pools linked to reduced SST gradients (Brierley  et al., 2009; Brierley and 
Fedorov, 2010; Dowsett et al., 2013) and enhanced tropical cyclone activity (Fedorov et al., 
2010) and AMOC (Raymo et al., 1996), with the latter leading to warming of high-latitude 
surface waters (Bartoli et al., 2005). Increased Mediterranean outflow waters further 
contributed to AMOC strengthening (Khélifi et al., 2009).
The U.S. Geological Survey’s Pliocene Research, Interpretation and Synoptic Mapping 
(PRISM) group focuses on the last time interval of global warmth in Earth’s history, called the 
mid-Piacenzian Warm Period (MPWP; 3.025-3.264 Ma), with higher mean annual 
temperatures (~3°C) than pre-industrial levels, most pronounced at higher latitudes, and 
maximum sea level highstands of ~25 m (Haywood et al., 2002, 2009; Dowsett, 2007). This 
temperature increase was accompanied by  only  a small increase in pCO2 (e.g., Raymo et  al., 
1996; Pagani et  al., 2010), indicating a higher sensitivity  of global warming to CO2 levels 
than previously  expected (Lunt  et  al., 2010; Pagani et  al., 2010), likely due to underestimated 
feedback mechanisms linked to terrestrial ecosystems. The MPWP is of particular importance 
for paleoclimate studies, since most of the first-order boundary conditions were close to the 
modern situation, involving the geographic distribution of the continents and oceans, while 
also the flora and fauna was largely similar to today, thus permitting near-future-like paleo-
reconstructions (Dowsett, 2007). In this way, the MPWP has been intensively investigated 
during the last  two decades, providing various paleoenvironmental reconstructions (PRISM0 - 
PRISM5; Dowsett et al., 2013 and references therein). These data have been subsequently 
used for a series of climate models (e.g., Haywood et al., 2002, 2009; Haywood and Valdes, 
2006; Salzmann et al., 2008, 2011; Lunt et al., 2010; Dolan et  al., 2011; Dowsett et  al., 2011; 
Sun et al., 2013; Willeit et  al., 2013; Zhang et al., 2013a,b). Consequently, the Pliocene Model 
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Intercomparison Project (PlioMIP) was established as part of the Palaeoclimate Modelling 
Intercomparison Project (PMIP; Braconnot et al., 2007a,b). So far, uncertainties within these 
PlioMIP simulations are attributed to prescribed forcings and proxy data, indicating the need 
for a more tightly temporal and spacial data assessment. For instance, data-model mismatches 
for terrestrial temperature estimates in the tropical realm are likely  due to limited proxy data 
(Salzmann et al., 2013). Equally, inconsistencies in tropical precipitation estimates (Haywood 
et al., 2013b) indicate the need for more data on tropical hydrology. Furthermore, it is also 
suggested to focus on near-modern orbital configurations, in order to improve the utility of 
the MPWP for a better characterization of the various aspects of a warmer-than-today climate, 
as well as to improve model evaluations (Haywood et al., 2013a). Thus, the next phase 
(PRISM4) of paleoenvironmental reconstructions will focus on Marine Isotope Stage (MIS) 
KM5c (KM5.3; 3.204-3.207 Ma), which was identified as a representative timeslice for warm 
conditions (interglacial) under a modern-like orbital setting.
1.2.3 Intensification of Northern Hemisphere Glaciations
Global ice volume mostly varied with 41 ka periodicities (related to the obliquity cycle) 
between 3.0 – 0.8 Ma, while after ~0.8 Ma, the 100 ka cycle (related to the eccentricity  cycle) 
dominates (Imbrie et al., 1992). This poses a significant challenge to the paleoclimate 
community, since the traditional Milankovich theory (Milankovich, 1930/1972) suggests that 
changes in summer insolation at high latitudes (related to the 23 ka precession cycle) exerts 
the dominant control on the climate system (see section 1.2.1).
As recently suggested, geodynamic processes formed the initial cause in preconditioning 
the northern polar regions to sustain large-scale ice sheets, including the uplift of East 
Greenland to more than 3 km above sea level and its tectonic movement towards higher 
latitudes (Steinberger et al., 2015). Also, it  is widely  recognized that variations in Earth‘s orbit 
contribute to glaciation, the exact mechanisms still remain unsolved (Raymo and Huybers, 
2008). In this way, various hypotheses have been proposed to explain the intensification of 
NHG at ~3 Ma (Mudelsee and Raymo, 2005; Raymo et  al., 2006). These involve changes in 
pCO2 (Berger and Wefer, 1996; Crowley and Kim, 1996; Raymo, 1998; Seki et al., 2010; 
Bartoli et  al,. 2011) related to continental weathering (Raymo et al., 1988), increased 
stratification in high latitudes (Driscoll and Haug, 1998; Bartoli et al,. 2011), a more efficient 
biological pump (Haug et al., 1999) and/or shoaling of the tropical ocean thermocline 
(Philander and Fedorov, 2003). Other hypothesis include changes in ice-sheet dynamics 
(Thiede et al., 1998), ocean circulation (Billups et al., 1999; Bartoli et  al., 2005) or ocean 
gateway closures (Haug and Tiedemann, 1998; Cane and Molnar, 2001) resulting in changes 
of oceanic heat and moisture transport or a mix of the above factors (Ravelo et al., 2004).
Marine sedimentary evidence for the onset of major NHG comes from the discharge of ice-
rafted debris (IRD) of drifting icebergs originating from NE Greenland and the Arctic Ocean 
(e.g., Jansen et al., 2000; Bartoli et al., 2005). Recent analysis of the IRD fluxes and Pb-
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isotope compositions indicate that the provenance of IRD was not constant and that North 
America was not a significant source, relative to Greenland and Europe, until 2.64 Ma (Bailey 
et al., 2013). Variations in IRD input covary with those in benthic δ18O records, indicating that 
the latter is a suitable indicator for the waxing and waning of ice sheets (Raymo et al., 1989; 
Ruddiman et al., 1989b). It is important to note that, before 2.7 Ma, the degree to which 
changes in benthic δ18O records can be attributed to either changes in deep-sea temperature 
and/or ice volume is uncertain, while both can be still related to high-latitude climate 
variability (e.g., Clemens and Tiedemann, 1997).
Interestingly, variations in IRD abundance also follow the succession of major events of 
the CAS closure with a persistent lag of 40 ka, which emphasizes significant memory effects 
in global climate, but also indicates that changes in eustatic sea level due to varying 
continental ice volume cannot have influenced the closure history of the CAS and thus, proofs 
the causality between the CAS closure and the onset of NHG (Sarnthein et al., 2009). Another 
mechanism that comes into consideration is based on model simulations, which reveal a 
strengthening of the Arctic Throughflow carrying low-saline and cold surface waters from the 
N Pacific through the Bering Strait as a result of the CAS closure (Sarnthein et al., 2009). It is 
suggested that  these freshwater fluxes have readily compensated the increased heat transport, 
leading to cooling, sea ice expansion and higher albedo ~3.2-3.0 Ma and consequently, the 
intensification of NHG, first maximizing ~2.82 Ma. The cooling process likely involved a 
positive feedback identified as the thermal isolation of Greenland from the poleward heat 
transport (Sarnthein et al., 2009).
The intensification of NHG has led to stronger NETW and thereby to enhanced upwelling 
(Marlow et al., 2000; Steph et al., 2010). In this way, most of the major coastal (wind-driven) 
upwelling regions were marked by  increased diatom and opal production during global 
cooling (Etourneau et al., 2012). In addition, the heat redistribution in the Atlantic Ocean due 
to the CAS closure resulted in the so-called upwelling seesaw, i.e. intensified (weakened) 
upwelling off SW (NW) Africa, controlled by interhemispheric heat transfer linked to AMOC 
(Prange and Schulz, 2004).
The implications of an enhanced AMOC on NHG have been first accounted for by Driscoll 
and Haug (1998), related to their “Panama Hypothesis”. This theory attempts to reconcile the 
effects of counteracting forcings, i.e. increased heat and moisture transport following the CAS 
closure. The authors suggest that heating of the North Atlantic at high latitudes acts to 
enhance evaporation and moisture transport (via westerlies), followed by increased river 
discharge from northern Eurasia, leading to sea ice extension and, in turn, to higher albedo, 
thus preconditioning the growth of ice sheets in the Northern Hemisphere. Climate models 
have still shown that these forcings appear too weak to trigger major glaciations (Klocker et 
al., 2005; Lunt et al., 2008). However, these models are seen with caution due to large 
uncertainties related to sea ice cover and associated changes in albedo (Sarnthein et al., 2009). 
Another mechanism is related to the progressive increase in obliquity  amplitudes between 3.1 
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and 2.5 Ma, which has been suggested as final cause for the intensification of NHG (Haug 
and Tiedemann, 1998). The authors argue that low obliquity results in colder summer 
conditions at high latitudes, which is a prerequisite to prevent snow melt and thus, favors ice 
sheet growth.
Recently, a compilation of marine and terrestrial records identified four globally evident 
glaciation events that occurred already prior to the intensification of NHG (De Schepper et al., 
2014). These comprise two events in the early  Pliocene (~4.9-4.8 Ma and ~4.0 Ma), one event 
close to the early/late Pliocene boundary (~3.6 Ma) and during MIS M2 (~3.3 Ma). Based on 
the global data synthesis, it is not clear what caused the earlier glacial events during the 
Pliocene, whereas it seems that the glaciation at  3.3 Ma was linked to ocean gateways (like 
the CAS) and its subsequent intensification during the latest Pliocene most likely resulted 
from the decline in pCO2 (De Schepper et al., 2014).
1.2.4 The Last Glacial cycle
During the last 130 ka, the Last Glacial Maximum (LGM; 18-23 ka) was the most recent 
period when global ice volume reached its maximum (e.g., Mix et al., 2001). During the 
LGM, most proxy records from both hemispheres indicate generally  cooler and drier 
conditions than today (Gasse, 2000; Gasse et al., 2008), along with ca. 100ppmv lower than 
pre-industrial CO2 levels (Sigman and Boyle, 2000) and a ca. 120 m lowered sea level 
(Waelbroeck et al., 2002). Climate models simulate a damped global hydrologic cycle relative 
to today, with decreasing precipitation in most of the tropics (Pinot et al., 1999; Braconnot et 
al., 2000), in line with proxy data (Gasse, 2000). In contrast, the African Humid Period (AHP; 
~5-11 ka) was the last time interval with exceptionally warmer and wetter conditions 
(deMenocal et al., 2000; Weldeab et al., 2007; Tjallingii et  al., 2008; Tierney and deMenocal, 
2013). During the AHP, large parts of the modern hyper-arid Sahara desert featured numerous 
lakes, and more humid conditions sustained a diverse ecosystem consisting of savanna 
grasslands, tropical forests and shrubs (Gasse, 2000; Hooghiemstra et al., 2006). Interestingly, 
these climate shifts occurred synchronous in northern and southern Africa (Collins et al., 
2011).
Comparable to the AHP, model simulations and proxy data (grain-size-based humidity 
index) indicate recurrent humid conditions during the Last Glacial cycle and suggest abrupt 
expansion and retreat of subtropical grasslands (mostly C4 plants) into the Sahara, which were 
primarily  attributed to precession-driven insolation forcing (Tjallingii et al., 2008). These 
humid periods were also accompanied by expansions of tropical C3 plants during MIS 3 
(~45-50 ka) and MIS 5 (~110-120 ka), based on a marine plant-wax δ13C record (Castañeda et 
al., 2009). In addition to the local insolation forcing, West African monsoon records revealed 
a high sensitivity to high-latitude climate variability or more precisely, climate instability, 
such as during deglaciation periods, explained by atmospheric teleconnections (e.g., 
greenhouse gases; Weldeab et al., 2007).
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Short-term, but large-amplitude climate shifts have also been identified in the course of the 
Last Glacial cycle and are seen as the result of abrupt N Atlantic cooling (Dansgaard-
Oeschger Events; Bond et al., 1993; Dansgaard et al., 1993) during deglacial melting and the 
rafting of icebergs associated with maxima in IRD abundance (Heinrich Events; Bond et al., 
1992). Such events have a strong impact on ocean circulation, leading to a weakening of the 
AMOC, like during Heinrich Event H1 (17.5 ka; McManus et  al., 2004), for which severe 
drought in the Afro-Asian monsoon region is reported (e.g., Stager et al., 2011). Earlier works 
already suggested the potential link between reduced NADW formation and reduced 
precipitation in the Sahel, inferred from lake-level fluctuations in East Africa (Street-Perrott 
and Perrott, 1990). Further evidence is based on the comparison of major elemental ratios 
(Mulitza et  al., 2008) with alkenone-derived SST and benthic δ13C records spanning the last 
44 ka (covering H1-H4), which revealed that millennial-scale droughts in the Sahel were not 
induced by  SST changes in the tropical NE Atlantic, but rather linked to cooling of the N 
Atlantic at high latitudes (Heinrich events) associated with a reduced AMOC (Niedermeyer et 
al., 2009). Such a remote northern high-latitude forcing was even detected in SE Africa 
(Schefuß et al., 2011). This supports previous model and proxy results, indicating that abrupt 
high-latitude climate events trigger simultaneous aridification in West Africa (Tjallingii et al., 
2008). Other results extend this relationship  for the last 192 ka and indicate a strong influence 
of AMOC variations (or more generally, high-latitude climate changes) on West African 
monsoon variability (Castañeda et al., 2009). Notably, these vegetation shifts were unrelated 
to changes in local summer insolation. Equally, it was found that central African hydrology is 
strongly affected by the subtropical-tropical SST gradient (Schefuß et al., 2005) and the land-
ocean temperature (and thus pressure) contrast (Weijers et al., 2007), whereas other proxy 
records indicate persistent  insolation forcing of humidity changes in the Sahel during the Last 
Glacial cycle (Tjallingii et al., 2008; Niedermeyer et  al., 2010), similar as it was deduced for 
SW Africa (Collins et al., 2014).
1.2.5 Implications for hominin evolution and migration
The relevance of environmental change in hominin evolution over the past 6 Ma is a 
permanent subject of debate (e.g., deMenocal, 1995; White et al., 2009; Cerling et  al., 2011). 
In general, archeological and fossil evidence point to recurrent occupation of the Sahara since 
the late Miocene (Larrasoaña et al., 2013 and references therein), while it  is also largely 
accepted that anatomically modern humans (Homo sapiens) evolved around 150-200 ka in 
sub-Saharan Africa (e.g., McDougall et al., 2005). One main problem is that the fossil record 
becomes more fragmentary with increasing age. In this way, human occupation of the entire 
Sahara during the AHP is documented by widespread archeological evidence, whereas Earlier 
and Middle Stone Age relicts are far less frequent than Neolithic ones. Scattered remains 
throughout the Sahara also indicate the presence of humans before 0.5 Ma, but older evidence 
is restricted to a few well-dated sites of the Early Stone Age in Ain Hanech and El-Kherba in 
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Algeria (1.7-1.8 Ma) and to fossil hominin remains in Koro Toro (3.5-3.7 Ma) and Toros 
Menalla (6.9-7.3 Ma; both North Chad basin). The common feature of all these sites is that 
they  were associated with more humid conditions (Larrasoaña et al., 2013 and references 
therein).
A recent compilation of paleoenvironmental data from Africa clearly proofs the high 
relevance of the West African monsoon system for the greening of the Sahara (Larrasoaña et 
al., 2013). This is further illustrated by the existence of several fossil (and buried) river 
channels extending across the Sahara to the Mediterranean coast (detected by space-born 
radar images), which have been shown to originate from south of the Sahara between 117-130 
ka (Osborne et al., 2008). Such humid corridors connected the sub-Saharan environments 
with North Africa and provided migration pathways that allowed the dispersal of H. sapiens 
out of Africa (Balter, 2011). These were particularly important during moderate humid 
periods, in order to enable the dispersal of humans across the Sahara (Larrasoaña et al., 2013). 
The C3 expansions that are evident throughout the Last Glacial cycle also correlate with major 
periods of hominin migration between 40-60 ka and 90-120 ka (Castañeda et al., 2009). An 
alternative out-of-Africa hypothesis favors the migration along coastlines, which means 
hominins would have been able to circumvent the high degree of habitat  fragmentation faced 
by inland populations during extremely variable climate conditions (Stringer, 2000).
Overall, the recurrent greening and drying of the Sahara likely provided the necessary 
habitat for hominin population dynamics, when considering the large areal extent of the North 
African savannas under humid conditions, followed by a relatively  fast (2-3 ka), mosaic-like 
fragmentation due to aridification (Larrasoaña et al., 2013). Changes in African climate, 
vegetation and faunal assemblages have been shown to be roughly synchronous during the 
Pliocene and Pleistocene (deMenocal, 2004). In this way, periods of extreme climate 
variability, as such associated with high eccentricity/precession, have been suggested as 
triggers for evolutionary speciation and dispersal (Trauth et al., 2007, 2009), according to the 
variability selection hypothesis. Opposed to this is the habitat-specific hypothesis, focusing on 
the establishment of open landscapes, which influenced hominin evolution and behavior (see 
deMenocal, 2004). Complementary to the climatic impact on speciation events during the 
Pliocene and Pleistocene (deMenocal, 1995), also the cultural behavior of humans during the 
late Holocene shows immediate responses to climate perturbations like droughts, leading to 
population displacement and even the collapse of states (deMenocal, 2001).
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II 
Scientific objectives, approach and outline
2.1 Rationale and approach
Overall, little is known about the development of tropical hydrology  and the associated 
vegetation changes during the Pliocene. The well-known dust records off West Africa display 
periodically alternating arid-humid cycles, which have been interpreted to reflect different 
forcings (deMenocal and Rind, 1993; Tiedemann et al., 1994; deMenocal, 1995, 2004): 
Throughout the last 2.4 Ma, North Atlantic SST variations are generally considered as main 
driver of humidity changes, owing to the large-amplitude climate variability at high latitudes 
associated with glacial-interglacial cycles, while prior to 2.4 Ma, i.e., before the 
intensification of NHG, low-latitude summer insolation dominated. However, a statistical 
reassessment of the paleo-environmental significance of the dust records revealed that they 
are rather indicators for the transition from humid to (hyper-)arid conditions, instead of 
directly  recording aridity (Trauth et al., 2009), in line with modern observations (Prospero et 
al., 2002). This is also linked to the potential of highly localized dust sources to create the 
apparent impression of large-scale continental aridity (Prospero et al., 2002). In contrast to 
previous conclusions (e.g., deMenocal, 1995, 2004), Trauth et al. (2009) suggested a 
decoupling of the tropical African climate variability  from the onset and intensification of 
NHG, since eccentricity-modulated precession forcing is evident back to 5 Ma. This seems to 
be in contrast  to other findings that indicate a clear link between AMOC (which is strongly 
influenced by varying ice sheets) and West African climate (e.g., Mulitza et al., 2008; 
Castañeda et al., 2009; Niedermeyer et al., 2009). In this way, it becomes clear that more 
insights are necessary to strengthen our understanding of orbital-scale changes of the West 
African monsoon system. The hydrogen isotopic composition of plant  waxes (δDwax) enables 
the assessment of these variations, since it is tightly  coupled to the hydrologic regime (see 
below).
According to the generally warmer and wetter mean climate state during the Pliocene, it 
can be expected that  terrestrial environments from low latitudes indicate more humid 
conditions and expansion of tropical vegetation, such as rainforest  and tree savanna, during 
this time interval. Pollen records provide detailed insights into vegetation composition and 
indicate repeated northward extensions of woodland and savanna during the Mid-Pliocene, 
while the composition was unlike the modern vegetation (Leroy and Dupont, 1994; Vallé et 
al., 2014). Complementary to pollen, the δ13C signature of plant  waxes indicates shifts 
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between C3 and C4 plants (e.g., Collister et al., 1994). In East Africa, it  has been shown that 
the Pliocene-Pleistocene grassland expansion was not associated with an increase in C4 
biomass (Feakins et al., 2013), while in Southwest Africa, C4 grass expansion was triggered 
by increased fire activity during the Miocene (Hötzel et al., 2013). For West Africa, however, 
the timing of C4 grass expansion and its causes is still unknown. Plant-wax δ13C (δ13Cwax) is a 
suitable proxy for C3/C4 contributions in West Africa, as evidenced in marine surface 
sediments (Huang et al., 2000) and aerosols (Schefuß et al., 2003a), which are both in good 
agreement with pollen data (Dupont and Agwu, 1991), all indicating the distribution of 
African biomes.
The overall aim of this thesis is to provide new insights into the paleo-hydrologic evolution 
of West Africa during two Pliocene time intervals (3.0-3.6 Ma and 4.6-5.0 Ma) and the whole 
Last Glacial cycle (last  130 ka) by a combination of δ13Cwax and δDwax records from well-
dated continuous marine archives retrieved in the subtropical NE Atlantic. Considering the 
paleoclimatic background described so far, the following hypotheses formed the initial basis 
for the accomplishment of the thesis:
I. The MPWP is the result of the CAS closure, redirecting warm tropical waters to the 
North Atlantic and, in turn, causing elevated humidity and extensions of woodlands 
and forest biomes in West Africa.
II. West African aridity and vegetation changes are mainly driven by AMOC variations, 
as postulated by Mulitza et al. (2008), Castañeda et al. (2009), Niedermeyer et al. 
(2009) and others.
In detail, the following questions were addressed:
1. Was the MPWP characterized by a generally warmer and wetter West African climate 
or were arid events just less intense?
2. Were AMOC reductions during the MPWP related to increases in African aridity?
3. Was the time interval preceding the MPWP even warmer and wetter in West Africa?
4. What were the triggers of dust export events and how do they relate to West  African 
climate variability?
5. When did the modern West African savanna develop?
6. Before the CAS closure, i.e., before intensification of the AMOC, was West Africa 
generally drier and less vegetated?
These hypotheses and questions were tested by a comparison of the Pliocene development 
of vegetation and continental hydrology in West Africa before and during the MPWP, that is 
before and during the final CAS closure and before NHG intensified, i.e., without influence of 
large Northern Hemisphere ice sheets. The Last Glacial cycle (last 130 ka) was similarly 
analyzed to generate a benchmark for the evaluation of Pliocene environmental changes 
against glacial-interglacial conditions recorded at the same core position.
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Initially, it was intended to compare the plant-wax isotopic data with sea surface 
temperature (SST) estimates from the same sediments, in order to investigate the influence of 
oceanographic changes on West African hydrology. While this was achieved for the Last 
Glacial cycle (Chapter III), the Pliocene samples (Chapter IV) unfortunately yielded 
insufficient material for reliable SST reconstructions. In order to compensate for this lack, an 
alternative approach was conducted on marine surface sediments (Chapter V), which serves 
as a proxy calibration study for the regional setting of West Africa by addressing the 
following questions:
1. How is the relationship between δDwax and the isotopic signature of precipitation?
2. Are there additional (and detectable) influences on δDwax unrelated to those of 
precipitation?
3. Does the isotopic composition of different long-chain n-alkanes record the same 
environmental signal in terms of hydrology (δDwax) and vegetation (δ13Cwax)?
2.2 Materials and methods
Materials and methods are briefly introduced in the following, while analytical procedures 
are detailed in each Methods section of Chapters III, IV and V.
2.2.1 Core locations
Paleoclimate studies presented in this thesis (Chapter III and IV) are based on a deep-sea 
drilling core retrieved at Ocean Drilling Program (ODP) Site 659 (18°05’N; 21°02’W), which 
is located approximately 300 km offshore West Africa at the top of the sub-marine Cape Verde 
Plateau in 3070 m water depth. The core was retrieved during ODP Leg 108 (ODP Sites 
657-661) as a non-upwelling reference site relative to ODP Site 658 located within a major 
upwelling cell near Cape Blanc (Ruddiman et  al., 1989a). Since ODP Site 659 was considered 
to reflect the general development of West African climate, attributed to its strategic position 
beneath the main dust-bearing wind systems (Ruddiman et al., 1989a; Tiedemann et  al., 
1989), many studies have focused on these records (e.g., Tiedemann et al., 1994; deMenocal, 
1995, 2004; Tiedemann and Clemens, 1997; Haug and Tiedemann, 1998; Clemens, 1999; 
Zachos et al., 2001; Trauth et al., 2009; Nie, 2011; Vallé et al., 2014). Preliminary lipid 
analysis, though carried out on just one sample, indicated a generally poor preservation of 
organic matter at this site, while resistent compounds, mainly long-chain n-alkanes derived 
from plant waxes, made up  the majority  of extractable lipids (ten Haven et al., 1989). This 
already revealed the high potential for further plant-wax analyses on these sediments, which 
are presented in the following chapters.
The calibration study  (Chapter V) uses 57 samples of marine surface sediments (coretops), 
which were recovered by multicorer during cruises M53/1 (2002), M58/2 (2003), M65/1 
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(2005) and MSM11/2 (2009) of the German research vessels Meteor (M) and Maria S. Merian 
(MSM). In total, the available sample material covers a N-S-transect along the West African 
continental margin between Morocco (31°N) and Guinea (9°N). In addition, the diverse 
locations of the coretops within various water depths (18-4167 m) and distances to the coast 
(15-400 km) provide a good basis for the evaluation of the spatial distribution patterns of 
plant-wax isotopic signatures offshore West Africa.
2.2.2 Age models of ODP Site 659
The marine sedimentary  record of ODP Site 659 has an astronomically calibrated timescale 
back to 5 Ma, which was initially established based on δ18O of benthic foraminifera 
(Sarnthein and Tiedemann, 1989). Given the low-amplitude variability  of the Pliocene benthic 
δ18O record, the dust record was then used for fine-tuning the timescale before 2.85 Ma to the 
precession cycle/local summer insolation (hereafter termed T94 age model), which is 
regarded as the main forcing of West African aridity changes (Tiedemann et al., 1994). Later 
on, the Pliocene timescale has been readjusted by  Clemens (1999), focusing again on benthic 
δ18O for tuning (hereafter termed T94R age model).
A main concern about orbital tuning strategies in general is related to the necessary 
assumption of a climate model (or forcing) for the attribution of cyclical changes in proxy 
records to similar variations in orbital parameters (like local summer insolation), meaning that 
tuning approaches have a potentially circular effect, if the tuned proxy data is used to confirm 
the climate model used for tuning (Muller and MacDonald, 1997b). But still, strong evidence 
for orbital cyclicity derives from spectral analyses of (untuned) δ18O records from deep-sea 
sediments (e.g., Muller and MacDonald, 1997a,b). In terms of the T94 age model, it was 
found that  the statistical significance of the main spectral peak in the untuned record was 
reduced after tuning, interpreted as an indication for overtuning (Muller and MacDonald, 
2002). In general, these authors are very critical when it comes to orbital tuning strategies (see 
also section 1.4.1), based on their statement that  it  appears risky  to assume a fixed forcing 
mechanism of the climate system, as mentioned above (the circular effect). In this way, the 
suggested persistence of local insolation forcing of African climate (Trauth et al., 2009) may 
be related to the age model of the investigated record, which is based on tuning to precession 
(Tiedemann et  al., 1994). Most important is the observation that there is no fixed (orbital) 
forcing through time, such as the dominant 41 ka cycle before and the 100 ka cycle after the 
mid-Pleistocene transition (~0.8 Ma), meaning that  “we must  look at the data again, as if for 
the first time, regard climate to be multidimensional, and be open to new ideas unbiased by 
our prior theoretical prejudices“ (Karner and Muller, 2000; p. 2144).
For the Last Glacial cycle (Chapter III), the Ti/Ca ratio is used for fine-tuning of the ODP 
659 record to the same element ratio of a nearby  sediment core, which has a radiocarbon-
based age model and yields the same variations. For the Pliocene (Chapter IV), the revised 
age model T94R was chosen, since it better matches the benthic δ18O stack (LR04; Lisiecki 
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and Raymo, 2005). which is used for the δD correction for changes in global ice volume. The 
correction is obviously more important for the Last Glacial cycle record with large 
fluctuations in NH ice sheets (~8‰ when converted to δD values), while for the Pliocene, it is 
almost negligible (in the range of ±2‰). However, as a matter of consistency, the procedure 
(δD adjustment) determines the use of the T94R age model (Clemens, 1999), in order to 
achieve a proper comparison between the Pliocene and the Last Glacial cycle records.
2.2.3 X-ray fluorescence (XRF) scanning for major element distribution
X-ray fluorescence (XRF) scanning provides a non-destructive tool to measure the element 
composition at the split  core sediment surface at high spatial resolution (Röhl and Abrahams, 
2000; Tjallingii et al., 2007). Elemental ratios presented in this thesis are the titanium/calcium 
(Ti/Ca) and aluminium/silicium ratios (Al/Si), used as indiator for aeolian transport (Ti/Ca) 
and weathering intensity (Al/Si) in Chapter III. 
In general, the major elemental composition is influenced by contributions from different 
sources and their environmental conditions. The Ca content is mainly assigned to marine 
carbonates in the study area (Tiedemann et  al., 1989, 1994; Govin et al., 2012), while Ti is 
typical for Saharan dust (e.g., Nicolás et al., 2008). Equally, Si is the major constituent in 
mineral dust, mostly  bound in quartz  grains (Scheuvens et  al., 2013). Biogenic opal as a 
potential source for Si can be excluded, since opal concentrations are considered negligible at 
ODP Site 659 (Tiedemann et al., 1989). High Al contents are characteristic for deeply 
weathered soils under warm and humid conditions (Gac and Kane, 1986). The Al/Si ratio has 
been proven successfully  in this area as a humidity indicator (Mulitza et al., 2008), though in 
this case, it was also linked to discharge from the Senegal River. Recently, the Ti/Ca ratio has 
been correlated to dust input at ODP Site 659 (Vallé et al., 2014).
2.2.4 Alkenone-based (Uk’37) sea-surface temperatures
Alkenones are long-chained mono-ketones originating from the ubiquitous haptophyte 
algae Emiliania huxleyi and related species, which live within the photic zone (Volkman et al., 
1980; Marlowe, 1984). The global occurrence and persistence of alkenones throughout the 
geological record (Marlowe et al., 1990) make them a valuable paleoceanographic tool. Many 
calibration studies have investigated the relationship between alkenones produced by the 
algae and its growth temperature (see review by Conte et al., 2006). However, clear 
differences have been detected between sea surface and coretop data. It was found that the 
exact water depth may vary, as does growth rate and seasonal blooms, all of which bias the 
relationship. In addition, lateral advection and extreme temperature gradients may  cause 
significant bias in the calibration of alkenones as a paleothermometer. In contrast  to the data 
obtained from sea surfaces, the coretop calibration yielded a robust linear correlation with 
mean annual SST (Conte et al., 2006).
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The application of the alkenone unsaturation index (Uk’37) for estimating SST is based on 
the ratio between the di- and triunsaturated C37 alkenones (Prahl and Wakeham, 1987), which 
is defined as
Uk’37 = [37:2]/[37:2 + 37:3]. 
In this thesis, SST estimates are used in Chapter III and were obtained from the global 
coretop calibration after Müller et al. (1998) with 
SST (°C) = (Uk’37 − 0.044)/0.033.
2.2.5 Plant-wax-derived long-chain n-alkanes
Land plants cover their leaves with waxes as protection against external stress (e.g., 
Samuels et al., 2008). These wax coatings contain, among others, long-chain n-alkanes with 
an odd-over-even carbon number (C25-C35) predominance (Chibnall et al., 1934; Eglinton and 
Hamilton, 1967), conventionally given as the carbon preference index (CPI) with commonly 
values above 3 for plant-wax-derived n-alkanes (e.g., Collister et al., 1994). Since these 
compounds are meant to be stable, n-alkanes remain intact during transport by winds and 
rivers and after final deposition (Eglinton and Eglinton, 2008). Their resistance to degradation 
and diagenetic effects leading to isotope exchange (e.g., Sessions et al., 2004; Schimmelmann 
et al., 2006) constitutes their increasing application in paleoclimate studies. In addition to 
CPI, n-alkane distributions can also be expressed with regard to their average chain-length 
(ACL; Poynter et  al., 1989). For instance, C4 grasses have a characteristic lipid distribution 
dominated by the n-C31 and n-C33 alkanes, while most trees maximize at  the n-C29 alkane 
(Rommerskirchen et al., 2006a,b; Vogts et al., 2009). Varying abundances of these compounds 
may therefore provide an indication for vegetation changes. 
In general, variations in plant-wax concentrations can be related to two main aspects: 
Changes in wind strength and/or vegetation cover. Since the terrigenous fraction at ODP Site 
659 is considered to be purely aeolian in origin (Tiedemann et al., 1989), the concentrations 
of marine sedimentary plant waxes is likely more influenced by wind strength than changes in 
the extent of the vegetation cover. This is constrained by a comparison of the herein generated 
results with the available dust record (Tiedemann et al., 1989, 1994).
2.2.6 Plant-wax δ13C as vegetation proxy
The δ13C signature of plant-wax-derived n-alkanes (δ13Cwax) is primarily determined by the 
photosynthetic pathway  and associated differences in plant physiology (e.g., Collister et al., 
1994). While the C3-type, the evolutionary more primitive C-fixation pathway, leads to a 
δ13Cwax in the range of −32‰ to −39‰, the C4-type results in more enriched values within a 
range of about −18‰ to −25‰ (Rieley et al., 1991, 1993; Collister et  al., 1994; 
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Rommerskirchen et al., 2006a,b; Vogts et  al., 2009). This is related to various structural and 
biochemical modifications of the evolutionary older C3 pathway, which resulted in a more 
efficient photosynthesis, including an improved CO2-concentrating mechanism (Ehleringer et 
al., 1997; Tipple and Pagani, 2007). The earliest origin of C4 photosynthesis still remain 
tentative, given the lack of fossil evidence. Overall, low CO2 levels appear as the initial 
evolutionary  pressure on plants to develop a mechanism to store CO2 more effectively, 
implemented by the C4 pathway. However, the geographical expansion of C4 plants (mainly 
grasses) since the Miocene was not globally synchronous, indicating regionally different 
triggers (Tipple and Pagani, 2007; Edwards et al., 2010; Strömberg, 2011). It was suggested 
that increased aridity  and associated wildfire activity would lead to clearing of large areas, 
thus providing new habitats for C4 plants (Ehleringer et al., 1997). Indeed, this was first 
evidenced by a combination of pollen, δ13Cwax and microscopic charcoal data from 
southwestern Africa, indicating a clear link between fire occurrence and C4 grass expansion 
during the Miocene and Pliocene (Hötzel et al., 2013).
However, further studies revealed that δ13Cwax-based estimates of C3/C4 contributions are 
afflicted with huge uncertainties, considering the large δ13Cwax variability observed for 
modern plants (Castañeda et  al., 2009; Diefendorf et al., 2010; Garcin et al., 2014). It will be 
shown that the δ13Cwax record from ODP Site 659 is in a reasonable range relative to the 
vegetation of West Africa, but rather sensitive to contributions from different source regions 
with contrasting biomes dominated by either C3 or C4 plants. As such, the δ13Cwax variability 
in the paleoclimatic context (Chapter III and IV) is primarily  a qualitative proxy  of “wind 
strength“ (NETW), which is also discussed in the calibration study (Chapter V).
2.2.7 Plant-wax δD as hydrologic proxy
The stable hydrogen isotopic composition of plant waxes (δDwax) offers a valuable tool to 
assess past precipitation variability (Schefuß et al., 2005, 2011; Pagani et al., 2006; Huang et 
al., 2007; Tierney  et al., 2010, 2011; Tipple and Pagani, 2010; Collins et al., 2013, 2014; 
Magill et  al., 2013b; Niedermeyer et al., 2010, 2014). However, several factors may 
contribute to the final δDwax  signature. A growing number of studies thus focuses on the 
linkages between δDwax and climatic conditions by analyzing living plants, soils, aerosols, 
lake and marine surface sediments from different environmental settings (Sternberg, 1988; 
Sessions et al., 1999; Chikaraishi and Naraoka, 2003; Sachse et al., 2004, 2006, 2009; Liu et 
al., 2006; Smith and Freeman, 2006; Pedentchouk et al., 2008; Aichner et al., 2010; Feakins 
and Sessions, 2010a,b; Polissar and Freeman, 2010; Garcin et  al., 2012; Leider et al., 2013; 
Shanahan et al., 2013; Gao et al., 2014).
The most important influence on δDwax is the stable hydrogen isotopic composition of 
precipitation (δDp), while the apparent fractionation (ε) between δDwax and δDp can be 
affected by additional factors (see review by Sachse et al., 2012). In this way, distinct  ε 
variations have been identified for different plant types (e.g., Chikaraishi and Naraoka, 2003; 
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Feakins and Sessions, 2010a,b; McInerney  et al., 2011; Smith and Freeman, 2006; Sachse et 
al., 2006, 2009; Tipple et al., 2013), indicating that grasses utilizing the C4-type 
photosynthesis are more D-depleted (mean of −136‰ for the n-C31 alkane) relative to C3 trees 
(−110‰), while being more D-enriched compared to C3 grasses (−151‰; Sachse et al., 
2012). Another classification is based on plant life-forms, with shrubs (especially long-lived 
ones and shrub-like trees) having the least negative ε, followed by trees, forbs and grasses 
(Sachse et al., 2012). Climatic factors (e.g., relative humidity) may cause evaporative D-
enrichment of soil-water (Smith and Freeman, 2006; McInerney et al., 2011) and leaf-water 
(Kahmen et al., 2013a,b). Differences in rooting depth are also important in this context, since 
this leads to water uptake from different groundwater levels with varying degrees of 
evaporative alteration (Sachse et al., 2012). Some plants, such as woody shrubs and trees, are 
able to increase their rooting depth, depending on water availability, while herbaceous plants 
are mainly  limited to the upper 20 cm of the soil (Asbjornsen et al., 2008). It  has been found 
that a larger ε in grasses (monocots) is mainly  caused by physiological/biosynthetic 
variations, in contrast to other classes (dicots such as trees, shrubs, herbs), which are more 
sensitive to climatic perturbations triggering soil/leaf water D-enrichment. Furthermore, it is 
necessary  to consider that clear differences in the timing of wax formation exist between 
monocots and dicots, thus integrating different δDp ranges (Sachse et  al., 2012). In contrast to 
deciduous leaf waxes, which are synthesized rather early during the growing season (Tipple et 
al., 2013), continuous wax formation in grasses provides a high potential for integrating 
environmental conditions of the entire growth phase (Smith and Freeman, 2006; Gao et al., 
2012). Overall, this means that the δDwax signature incorporates a combination of biosynthetic 
fractionation, source-water δD and the local environmental conditions.
2.3 Outline
The main part of this thesis comprises three manuscripts, which are either published in, 
submitted to or in preparation for peer-reviewed scientific journals. A brief outlook is 
presented in the following.
Chapter III - NW African hydrology and vegetation during the Last Glacial cycle 
reflected in plant-wax-specific hydrogen and carbon isotopes
Rony R. Kuechler, Enno Schefuß, Britta Beckmann, Lydie Dupont and Gerold Wefer
Published in Quaternary Science Reviews
This study  presents orbitally resolved, marine records of tropical hydrology (δDwax) and 
vegetation (δ13Cwax) changes from offshore West Africa (ODP Site 659) covering the 
Last Glacial cycle (last 130 ka). Elemental ratios (Al/Si, Ti/Ca), obtained by XRF 
scanning, are used as indicators for weathering and aeolian transport and for fine-tuning 
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of the age model. Alkenone-based SST estimates provide further insights into the 
linkages between oceanographic changes and the hydrologic regime. The importance of 
varying NETW strength for the interpretation of the plant-wax isotopic records is 
highlighted, as is the relevance of different forcing mechanisms of the West African 
monsoon (local summer insolation vs. SST). These data sets form the baseline for the 
evaluation of Pliocene climate changes (Chaper IV) related to either proxy  application 
and forcing interpretation. 
Chapter IV - Hybrid insolation forcing of Pliocene monsoon dynamics
Rony R. Kuechler, Lydie Dupont, Gerold Wefer and Enno Schefuß
Submitted to Geology
Here, the orbital-scale approach of the previous study is extended to early and middle 
Pliocene time intervals (5.0-4.6 Ma, 3.6-3.0 Ma), in order to investigate the impact of 
the CAS closure on West African monsoon variability and associated vegetation 
changes. The δDwax and δ13Cwax records are discussed in light of the previous results 
from the Last Glacial cycle, as well as available dust and pollen records. The data sets 
provide a new view on tropical monsoon variability on geological timescales, leading to 
the dynamic concept termed hybrid insolation forcing. This monsoonal forcing concept 
explains the shifting influences of precession and obliquity cycles identified in the 
δDwax and dust records by  accounting for the influence of latitudinal insolation 
gradients, in addition to the conventional summer insolation forcing.
Chapter V - Tracking the meridional  hydrologic gradient across West Africa by 
plant-wax-specifc hydrogen and carbon isotopes in marine surface sediments
Rony R.  Kuechler, Eva M. Niedermeyer, Britta Beckmann, Lydie M. Dupont, Matthias Prange, Gerold 
Wefer and Enno Schefuß
In preparation for Geochimica et Cosmochimica Acta
This study  aims at  strengthening our knowledge on the (paleo)environmental 
significance of the δDwax signature by investigating the link between δDwax in marine 
surface sediments and continental precipitation (δDp) across a transect between 
Morocco and the Gulf of Guinea (31-9°N) spanning a large climatic gradient. 
Additional δ13Cwax analyses were performed to assign the marine sedimentary 
hydrologic signal (δDwax) to continental sources. These data sets are then compared with 
previously  published plant-wax, pollen and climatic data from this area to discuss the 
influences on the final δDwax signature. The study  underscores the feasibility  of (paleo)
hydrologic reconstructions in West Africa based on marine sedimentary δDwax and 
introduces a new proxy for climate and vegetation shifts, derived from the isotopic 
offsets between single long-chain n-alkanes.
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3.1 Abstract
We present a hydrologic reconstruction of the Sahara-Sahel transition, covering the 
complete Last Glacial cycle (130 ka), based on a combination of plant-wax-specific 
hydrogen (δD) and carbon isotopes (δ13C). The δD and δ13C signatures of long-chain n-
alkanes from ODP Site 659 off NW Africa reveal a significant anti-correlation. 
Complementary to published pollen data, we infer that this plant-wax signal reflects 
sensitive responses of the vegetation cover to precipitation changes in the Sahel region, 
as well as varying contributions from biomes north of the Sahara (C3 domain) by North-
East Trade Winds (NETW). During arid phases, especially the northern parts of the 
Sahel likely experienced crucial water stress, which resulted in a pronounced 
contraction of the vegetation cover, thus reducing the amount of C4 plant waxes from the 
region. The increase in NETW strength during dry periods further promoted a more 
pronounced C3-plant-wax signal derived from the North African C3 plant domain. 
During humid periods, the C4-dominated Sahelian environments spread northward into 
the Saharan realm, in association with lower NETW inputs of C3 plant waxes. Arid-
humid cycles deduced from plant-wax δD are in accordance with concomitant changes 
in weathering intensity reflected in varying major element distributions. Environmental 
shifts are generally linked to periods with large fluctuations in Northern Hemisphere 
summer insolation. During Marine Isotope Stages 2 and 3, when insolation variability 
was low, coupling of the hydrologic regime to alkenone-based estimates of NE Atlantic 
sea-surface temperatures becomes apparent.
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3.2 Introduction
North Africa has experienced extreme environmental variations in the past. During the 
early and middle Holocene, the area of the modern Sahara desert  was covered with extensive 
meadows, forests and lakes, which offered favorable conditions for modern human 
civilizations to thrive (Kuper and Kröpelin, 2006) and for human migrations out of Africa 
(Osborne et al., 2008). Orbitally-forced insolation variability  is thought to be one of the major 
drivers of African monsoon dynamics (deMenocal et al., 2000; Gasse, 2000) that induces 
these climate and vegetation changes. In contrast, NW African monsoon activity  during the 
Last Glacial was found to be decoupled from insolation forcing due to decreasing variability 
in solar intensities over the northern tropics and subtropics (Tjallingii et  al., 2008; Weldeab et 
al., 2007). Another inferred forcing component of tropical and subtropical rainfall variability 
is the strength of the Atlantic meridional overturning circulation (AMOC), linking arid 
conditions in NW Africa to a weaker AMOC (Jullien et al., 2007; Mulitza et  al., 2008; 
Tjallingii et al., 2008; Castañeda et al., 2009). Modeling studies have demonstrated that 
AMOC reduction via freshwater input leads to sea-surface cooling in the North Atlantic, 
which causes a positive anomaly in sea level pressure over North Africa and thus restricts the 
northward migration of the tropical rain belt (Mulitza et al., 2008). Additional non-linear 
feedback mechanisms influencing and accelerating shifts between dry and wet phases include 
changes in sea surface temperatures (SST), vegetation cover and atmospheric teleconnections 
(Claussen et al., 1999; Schefuß et al., 2003b; Weldeab et al., 2007).
Previous studies have focused, for instance, on plant-wax stable carbon isotopic 
composition (δ13C) and/or pollen assemblages to reconstruct hydrologic changes at  the 
Sahara-Sahel transition (Dupont, 1993; Zhao et al., 2003; Castañeda et al., 2009). 
Sedimentary  plant-wax δ13C records are primarily controlled by relative contributions of 
plants with different preferences for more humid (C3 type) and more arid (C4 type) conditions 
(e.g., Huang et al., 2000). Thus, a hydrologic assessment of a certain catchment area, based on 
vegetation changes reflected in plant-wax δ13C, is usually  achieved as implication. In contrast, 
the stable hydrogen isotopic composition (δD) of plant waxes provides a more direct view on 
past continental hydrology, due to its closer link to the water source that is utilized by plants 
(Sachse et al., 2012 and references therein). Recent studies on African paleoenvironments 
have proven the interpretive strength of combined plant-wax-specific hydrogen and carbon 
isotopes, in both marine and lacustrine sediments, to decipher substantial shifts in hydrology 
(via δD) and vegetation (via δ13C) (Schefuß et al., 2005, 2011; Tierney et al., 2008; 
Niedermeyer et al., 2010; Berke et al., 2012; Magill et al., 2013a,b). However, the isotopic 
records off NW Africa are still scarce and the sole continuous plant-wax δD record so far 
spans the time interval of the past 44 ka and seems to reflect Intra-Sahelian climate and 
vegetation variability (Niedermeyer et al., 2010). Therefore, we investigated the abundance of 
plant-wax lipids and their isotopic composition (δD, δ13C) in a marine sediment core from the 
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deep-sea Cape Verde Plateau off Mauritania, spanning the Last Glacial cycle (i.e., 130 ka). As 
the temporal resolution (~3 ka sample spacing) does not resolve millennial-scale climatic 
events, we limit  our investigation to the evaluation of general changes in NW African 
hydrology and vegetation. For this, a comparison is made with similar data sets from NW 
Africa to capture the spacial and temporal pattern of environmental changes. In order to 
assess the underlying forcing mechanisms, the plant-wax-specific biomarker and isotope 
records are compared with (1) alkenone-based SST estimates generated from the same sample 
material, (2) deep  water circulation changes indicated by the δ13C signature of benthic 
foraminifera (Sarnthein and Tiedemann, 1989), (3) major element ratios (terrigenous vs. 
marine sediment input, continental weathering intensity) in high resolution obtained by X-ray 
fluorescence scanning, (4) the dust (= carbonate-free sediment) record (Tiedemann et al., 
1994) and (5) variations in solar insolation (Berger, 1978).
3.3 Environmental setting
The seasonal N-S-migration of the tropical rain belt exerts the most crucial impact on NW-
African climate (Feakins and deMenocal, 2010). These latitudinal shifts are caused by 
changes in annual solar insolation, leading to a principal decrease in precipitation amounts 
from the equator towards higher latitudes (Nicholson, 2009). Precipitation in the West African 
Sahel is mainly sourced by moisture from the Gulf of Guinea with further contributions from 
continental evapotranspiration (Gong and Eltahir, 1996; Nicholson, 2009). The rainy season 
covering approximately 80% of the annual precipitation amount occurs typically  during 
boreal summer (July to September) when the tropical rain belt reaches its northernmost 
position at ~20°N (Nicholson, 2009). Consequently, dry  conditions prevail over most of the 
year and are related to a southward migration of the rain belt  to ~10°N during boreal winter. 
In contrast, areas north of the Sahara are under the influence of winter rainfall (Nicholson, 
2000). Abnormally intense rainfall events during the winter season can even extend from their 
Mediterranean origin to 10°N and account for most of the major rainfall events in the central 
Sahara (Nicholson, 2000).
The availability  of water strongly determines the distribution and composition of the 
vegetation, and is reflected in the large-scale transition from the Guinean rain forest 
dominated by C3 plants to the Sahara desert with a sparse vegetation of mostly  C4 plants and 
negligible occurrences of CAM plants (White, 1983). Among the NW African biomes, the C4-
dominated savannas of the Sahel constitute the transition zone towards the desert  (White, 
1983) and as such it is most  susceptible to climate variability, reflected in catastrophic 
droughts reported in the recent past (1909-13, 1940-44, 1969-73, 1983-85; Heinrigs and 
Perret, 2009), but also in large latitudinal migrations of up  to 9° during glacial-interglacial 
cycles (Dupont, 1993).
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During boreal winter, the atmospheric circulation over NW Africa is governed by low-
altitude North-East Trade Winds (NETW), which supply most of the terrigenous material to 
the adjacent NE Atlantic (e.g., Chiapello et al., 1995). At higher altitudes, the African Easterly 
Jet (AEJ) is strongest in boreal summer, carrying dust from the southern Sahara and Sahel 
westward (Pye, 1987). These two wind systems are also responsible for the export of plant 
waxes to the ocean (Huang et al., 2000). In the NE Atlantic off NW Africa, however, dust 
deposition is dominated by the NETW, 
compared to the long distance transport by the 
AEJ (Chiapello et al., 1995, 1997; Stuut et al., 
2005). The terrigenous fraction in marine 
sediments off NW Africa seems to be mostly 
derived from major dust outbreaks, which was 
inferred from similar Sr-Nd isotopic compo-
sitions in dust and sediments (Skonieczny  et al., 
2011). In addition, an obvious shift from north-
western to southeastern source regions was 
apparent during one single storm event in March 
2006, integrating signals from a large catchment 
area (Mauritania, Mali, S Algeria, N Niger; 
Skonieczny et al., 2011). Interestingly, recent 
dust outbreaks from the Sahel seem to supply 
most of the terrigenous material to the NE 
Atlantic, but occur only during December and 
January (Chiapello et al., 1997). This also 
implies that the export of most plant waxes is 
restricted to the winter season. Though the 
timing of wax formation is not uniform in all 
plants (see discussion in section 5.3), we may 
assume that plant waxes are generally  produced 
during the growing/summer season (Sachse et 
al., 2012), and therefore incorporate the 
corresponding environmental signal, which is 
then preserved in marine sediments.
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Fig. 3.1: Today’s vegetation belts and wind systems 
of NW Africa and locations of cores (black circles) 
discussed in the text, including the positions of 
coretops used as modern analog, (1) GeoB7919-2, 
( 2 ) GeoB7922-3 , ( 3 ) GeoB7927-1 , ( 4 ) 
GeoB7928-3, (5) GeoB7932-2 (see also Table 3.1). 
Dominant wind systems are indicated by arrows, 
Saharan Air Layer (SAL),  North-East Trade Winds 
(NETW). The thickness of the arrows marks the 
different altitudes of the SAL (> 3000 m) and the 
NETW (< 1000 m) (modified after Hooghiemstra et 
al., 2006).
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3.4 Materials and methods
3.4.1 Core specifications and sampling
Ocean Drilling Program (ODP) Site 659 (18°05‘N, 21°02‘W) is located on the submarine 
Cape Verde Plateau in 3070 m water depth (Fig. 3.1). Sediments consist  mainly  of pelagic 
foraminifer-nannofossil ooze with varying contributions of silt and clay (Faugères et  al., 
1989). The latter is considered to be of purely eolian origin due to (1) insignificant carbonate 
concentrations in the terrigenous dust composition, and (2) its distal position on a submarine 
rise excluding fluvial input and influences of turbidites (Tiedemann et al., 1989, 1994).
The original age model of ODP 659 for the last 130 ka (Sarnthein and Tiedemann, 1989; 
Tiedemann et al., 1994) has an average temporal resolution of 5 ka and is based on the 
correlation of foraminiferal stable oxygen isotopes (δ18O) to the benthic isotope record of the 
Pacific ODP Site 677 (Shackleton et al., 1990). Because there is evidence that Atlantic and 
Pacific δ18O records do not vary synchronously, a stratigraphic correlation between the two 
holds the potential for large chronological uncertainties of several thousand years, most 
apparent during deglaciations (Skinner and Shackleton, 2005, 2006; Lisiecki and Raymo, 
2009). For this reason, the ODP 659 stratigraphy was fine-tuned by visual peak-to-peak 
correlation of the titanium-calcium ratio (Ti/Ca), obtained from X-ray fluorescence scanning 
(section 3.4), to the same element ratio from the nearby core MD03-2705 (18°05’N; 
21°09’W; Jullien et al., 2007; Fig. 3.2). Its better resolved age model includes eight AMS-14C 
ages over the last 36 ka, dated on planktonic foraminifera Globigerina bulloides (> 150 μm). 
14C dates were corrected by  accounting for a reservoir age of 500 years (deMenocal et al., 
2000) and subsequently calibrated to calendar ages (Bard, 1988; Stuiver et al., 2005). 
Additional age control points are based on microfaunal and isotopic events (for a complete 
compilation see Fig. 2 and Table 1 from Matsuzaki et al., 2011). While chronological 
uncertainties were minimized for the last deglaciation by radiocarbon dating, they largely 
remain unchanged for the oldest part of the record, with a potential deviation of ~4 ka at about 
128 ka (Lisiecki and Raymo, 2009).
III Last Glacial cycle________________________________________________________
______________________________________________________________________
34
?
????
????
????
????
??
???
???
??
???
??
??
??
??
? ?? ?? ?? ?? ??? ???
????????
?
????
????
????
????
????
???
??
???
??
???
??
???
????
????
????
????
??
???
???
??
???
??
??
??
??Fig. 3.2: Stratigraphic fine-tuning by visual peak-
to-peak correlation of Ti/Ca ratios of ODP 659 (this 
study) and MD03-2705 (Jullien et al.,  2007). 
AMS-14C ages of core MD03-2705 are indicated 
on bottom (black triangles). Upper ODP 659 curve 
plotted against the original (orig.) time scale 
(Tiedemann et al.,  1994); lower ODP 659 curve 
plotted against the corrected (corr.) time scale.
In total, 43 samples were collected from the upper 4.3 m of ODP core 108-659B-1H, 
covering the past 130 ka, with an average temporal resolution of ~3 ka, similar to the dust [%] 
record (Tiedemann et al., 1994). Additionally, five coretop samples serve as modern analog in 
marine surface sediments (Table 3.1).
3.4.2 Lipid extraction and analyses
All samples were dried, ground and an internal standard (IS; squalane) was added before 
extraction. Lipid extraction was performed with a DIONEX Accelerated Solvent Extractor 
(ASE 200) using a mixture of dichloromethane:methanol (DCM:MeOH, 9:1) under controlled 
pressure (1,000 psi) and temperature (100°C). The resultant total lipid extracts were 
concentrated via rotary  evaporation and subsequently saponified with 6% KOH in MeOH at 
85°C for 2 h. Neutral compounds were then isolated with hexane and separated by column 
chromatography  with silica gel (60 mesh). Further column chromatography with AgNO3-
coated silica gel was used to purify  the saturated hydrocarbons by removing all unsaturated 
compounds. Due to very low alkenone concentrations, ketones and polar compounds were 
obtained in a single fraction by  elution with DCM:MeOH (1:1) to avoid potential loss during 
column chromatography.
Identification and quantification of n-alkanes and alkenones was carried out by gas 
chromatography/flame ionization detection (GC-FID) using a reference mixture with known 
n-alkane concentrations as external standard. Calculation of the Uk’37 index based on the di- 
and triunsaturated C37 alkenones was performed according to Prahl and Wakeham (1987), 
with Uk’37 = [37:2]/[37:2 + 37:3]. Based on this, SST estimates were obtained from the global 
coretop calibration after Müller et al. (1998) with SST (°C) = (Uk’37 − 0.044)/0.033.
3.4.3 Plant-wax-specific stable hydrogen and carbon isotopes
Compound-specific δD analyses were accomplished using a Thermo Trace GC coupled to 
a Thermo Fisher Scientific MAT 253 irm-MS via a pyrolysis furnace operated at 1,430°C. All 
measurements are calibrated against H2 reference gas with known isotopic composition and 
the H3+ factor was monitored daily (values between 6.7 and 6.8). All δD values are reported in 
permil [‰] relative to the VSMOW standard. An external standard mixture with known δD 
values of n-alkanes was analyzed repeatedly with the samples, and yielded a standard 
deviation (1σ) of 2‰. In addition, squalane (IS) yielded a standard deviation (1σ) of 2.9‰. It 
was not possible to perform replicate analyses on all samples due to low concentrations (3 
samples). The mean standard deviation (1σ) of replicates for the n-C31 alkane is 1‰.
The δ13C values of n-alkanes were measured using a Thermo Trace GC coupled to a 
Finnigan MAT 252 irm-MS via a modified Finnigan GC/C III combustion interface operated 
at 1,000°C. The δ13C values were calibrated against an external reference gas (CO2) with 
known isotopic composition. δ13C values are reported in the delta notation relative to the 
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VPDB standard. Duplicate measurements yielded a standard deviation (1σ) for the n-C31 
alkane of 0.2‰ and for squalane of 0.3‰.
The same analyses were carried out on five coretop samples (Table 3.1) from the NW 
African margin. Data were averaged to obtain an estimate for the recent sedimentary plant-
wax signal in marine surface sediments for comparison with the ODP 659 record. The mean 
standard deviation of δD and δ13C values for the n-C31 alkane of surface samples is 1.4‰ and 
0.2‰, respectively. For squalane (IS), the corresponding values are 2‰ and 0.1‰, 
respectively.
3.4.4 X-ray fluorescence (XRF) core scanning
Element data were collected in 2-cm-intervals down-core over a 1 cm2 area with slit size of 
10 mm using generator settings of 10 kV, a current of 0.25 mA, and a sampling time of 20 s 
directly  at the split core surface of the archive half with XRF Core Scanner II at the MARUM 
- University of Bremen. The split core surface was covered with a 4 µm thin SPEXCerti Prep 
Ultralene1 foil to avoid contamination of the XRF measurement unit and desiccation of the 
sediment. The data have been acquired by a Canberra X-PIPS Silicon Drift Detector (SDD; 
Model SXD 15C-150-500) with 150eV X-ray resolution, the Canberra Digital Spectrum 
Analyzer DAS 1000, and an Oxford Instruments 50W XTF5011 X-Ray tube with rhodium 
(Rh) target material. Raw data spectra were processed by  the analysis of X-ray spectra by 
Iterative Least square software (WIN AXIL) package from Canberra Eurisys. Reliable, i.e., 
sufficient, elemental counts were achieved for the following elements: Al, Si, K, Ca, Ti, and 
Fe.
3.5 Results
Sedimentary concentrations of n-alkanes are dominated by long-chain n-C25-35 
homologues, ranging from 0.08 to 1.84 (average 0.46) μg g-1 dry weight (Fig. 3.3) and carry 
typical plant wax signatures with carbon preference-indices (CPI) between 2.2 and 7.1 
(average 4.9). Most samples (88%) exhibit  n-alkane concentrations of 0.2 to 0.8 μg g-1 dry 
weight. Comparable values were obtained from the coretops with average n-alkane 
concentrations of 0.59 μg g-1 dry weight and an average CPI of 3.5. The isotope records 
obtained from the n-C29, n-C31 and n-C33 alkanes correlate strongly (correlation coefficients 
r29/31 of 0.80 and r31/33 of 0.74 and r29/33 of 0.73 for δD, and r29/31 of 0.86 and r31/33 of 0.78 and 
r29/33 of 0.62 for δ13C). For further discussion we focus on the n-C31 alkane as the most 
abundant homologue in all samples.
The δD record of the n-C31 alkane (δDC31) is corrected for changes in ice volume 
fluctuations throughout the Last Glacial cycle (Schrag et al., 2002). This correction is based 
on the sea level record of Waelbroeck et al. (2002) with the highest shift  of about -8.3‰ 
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Fig. 3.3: Compilation of results from ODP 659: (a) original (blue) and ice-volume-corrected δD (black) and (b) 
δ13C values of the n-C31 alkane and corresponding C4 [%] estimates (see section 3.6.2); (c) average chain-length 
(ACL) of long-chain n-alkanes (C25-35); (d) carbon preference index (CPI) of long-chain n-alkanes (C25-35); (e) 
long-chain n-alkane (C25-35) concentrations (per g dry sediment); (f) Al/Si ratio with 5-point running mean (black 
curve) indicating higher weathering intensity with increasing values; (g) Ti/Ca ratio (terrigenous vs. marine 
input); (h) dust [%] record (Tiedemann et al., 1994). Modern values (“0 ka”) of plant-wax data are calculated 
from the averaged results of the coretops. Marine Isotope Stages (MIS) are indicated on bottom. Error bars 
indicate the standard deviation of multiple measurements. Green bars highlight humid periods reflected in the 
δDC31 signature.
VSMOW corresponding to the Last  Glacial Maximum (LGM; 18-23 ka). Overall, δDC31 
values range between −165.4‰ and −130.5‰ (uncorrected −160.6‰ and −128.7‰) and δ13C 
values of the n-C31 alkane (δ13CC31) vary  between −25.7‰ and −23‰ (Fig. 3.3). The coretop 
samples yield δ13CC31 values between −25.7‰ and −24.5‰, with an average of −25‰ and 
δDC31 values between −142.8‰ and −140.6‰, with an average of −141.5‰ (Table 3.1). We 
use these mean values as analogs for the present-day plant-wax signal in marine surface 
sediments.
The Uk’37-derived SST record of ODP 659 shows the typical decrease towards the LGM, 
with values between 18.6 and 29°C (Uk’37 values between 0.66 and 1) and an average standard 
deviation for duplicate measurements of 0.28°C (0.01 for Uk’37 values; Fig. 3.5). SST values 
of the coretops range between 22 and 27.5°C (Uk’37 values between 0.77 and 0.95) with an 
average SST of 25.3°C (Uk’37 value of 0.88; Table 3.1).
To achieve a more comprehensive interpretation, we additionally measured the elemental 
distribution throughout the investigated time interval. Because carbonate is almost absent in 
Saharan dust (Tiedemann et  al., 1989 and references therein), we focused on the titanium-
calcium ratio (Ti/Ca) as a proxy for terrigenous input, comparable to the Al content (not 
shown) (e.g., Prospero, 1996). The aluminum-silicon ratio (Al/Si) is used as proxy for 
(chemical) weathering intensity (Mulitza et al., 2008). We found good agreement between our 
and previously published records. The Ti/Ca ratio and Al content (XRF-counts) consistently 
parallels the dust [%] record of ODP 659 (Tiedemann et al., 1994) and is also clearly reflected 
in the XRF data of the neighboring core MD03-2705 (Jullien et al., 2007). In addition, highest 
Al/Si ratios are found during dust minima (Fig. 3.3).
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Table 3.1: Compilation of coretop data used as modern analog in marine surface sediments. Numbers (No.) refer 
to core locations in Fig. 3.1. SD, standard deviation (1σ).
Table 3.2: Reference data of cores discussed in the text.
Core Position Depth Time interval Proxies Signal Reference
ODP 658 20°45'N, 18°35'W 2263 m 0.8 - 154 ka δ13Cwax, pollen more humid = more C4 plants Zhao et al., 2003
ODP 659 18°05'N, 21°02'W 3070 m 2.5 - 131 ka δ13Cwax, δDwax more humid = more C4  plants this study
GeoB9508-5 15°30'N, 17°57'W 2384 m 1.4 - 43.6 ka δ13Cwax, δDwax more humid = more C3 plants Niedermeyer et al., 2010
GeoB9528-3 09°10'N, 17°40'W 3057 m 6.9 - 192 ka δ13Cwax more humid = more C3 plants Castañeda et al., 2009
No. Coretops Latitude Longitude Depth (m) n-C27-35 [g/g] δ13CC31 SD C4% δDC31 SD
1 GeoB7919-2 20.942°N 19.387°W 3429 2.42 -25.74 0.45 70.10 -142.32 0.69
2 GeoB7922-3 20.667°N 18.262°W 1289 2.58 -24.98 0.17 75.71 -140.59 2.56
3 GeoB7927-1 19.937°N 19.152°W 3128 5.42 -25.04 0.02 75.24 -140.77 1.88
4 GeoB7928-3 19.100°N 17.047°W 1348 4.47 -24.54 0.04 78.97 -140.95 0.92
5 GeoB7932-2 19.002°N 17.283°W 1964 2.27 -24.55 0.11 78.89 -142.80 0.85
Mean -25.00 0.20 75.78 -141.50 1.40
3.6 Discussion
3.6.1 n-Alkane distribution patterns
n-Alkanes are a major constituent of leaf waxes of terrestrial higher plants, which are 
produced to minimize transpiration and to protect the leaves against physical and biological 
stress (Eglinton and Hamilton, 1967). Wax compounds can be effectively removed from 
leaves by eolian dust (Simoneit et al., 1977), but also after the decay of plants and subsequent 
burial and/or transport via winds or rivers, they remain relatively resistant against degradation 
(Eglinton and Eglinton, 2008). Plants typically produce long-chain n-alkanes in the range of 
n-C25 to n-C35 with a characteristic odd-over-even carbon number predominance (Chibnall et 
al., 1934; Eglinton and Hamilton, 1967). This is numerically given in the carbon preference 
index (CPI) with conventionally higher (>3) values for plant-wax-derived n-alkanes (Bray 
and Evans, 1961; Eglinton and Hamilton, 1963; Mazurek and Simoneit, 1984). Significantly 
lower CPI values (~1) may point to other carbon sources like petroleum (Bray and Evans, 
1961; Simoneit, 1984), but have also been assigned to thermal degradation via biomass 
burning/wildfires (Standley and Simoneit, 1987), microbial degradation of plant litter (Vogts 
et al., 2012), or even marine sources (Lichtfouse et al., 1994). CPI values from ODP 659 
(average 4.9) thus reflect major contributions by terrestrial higher plants (Fig. 3.3). A recent 
survey of plant-wax data by Bush and McInerney  (2013) has demonstrated a wide CPI range 
among various plant types, which suggests discarding the use of CPI as a strict source or 
degradation indicator. Nevertheless, studies on recent African dust revealed the lowest  n-
alkane CPI values occurring off NW Africa (Eglinton et al., 2002; Schefuß et al., 2003a). This 
is explained by low concentrations of leaf-wax lipids in aerosols from arid regions being 
highly  sensitive to admixture of fossil fuel or marine lipids. Despite such contributions, the 
isotopic composition of major (odd-numbered) homologues remained unaffected (Eglinton et 
al., 2002; Schefuß et al., 2003a).
Maxima in n-alkane concentrations are generally  coupled to dust  pulses, emphasizing the 
role of eolian transport for plant wax deposition at ODP Site 659 (Fig. 3.3). This observation 
is in accordance with the model of dust/plant-wax export during aridification events (Trauth et 
al., 2009). For instance, the African Humid Period (AHP; 14.8 – 5.5 ka BP) was the last wet 
interval in the Saharan realm (deMenocal et al., 2000). The underlying monsoon 
displacement, caused by variations in solar insolation and additional vegetation-albedo 
feedbacks (Gasse, 2000), also involves the wind systems responsible for moisture (SW 
monsoon) and dust (NETW, AEJ) transport (Nicholson, 2009). It is argued that erosional 
processes like desiccation and deflation of lacustrine and fluvial sediments of a former wet 
Sahara/Sahel lead to high dust production (Trauth et al., 2009). This interpretation can be 
transferred to the whole investigated time interval, since insolation-driven changes in dust 
accumulation at ODP Site 659 are evident (Tiedemann et al., 1989, 1994). Accordingly, 
admixture of reworked, older plant material should be considered, as this may bias the climate 
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signal of a given region and time. It can be expected that such contributions are highest  during 
aridifications and the subsequent dry  periods like today, when desiccated lake beds and soils 
serve as dust source (Heinrigs and Perret, 2009). There is evidence that the vegetation-derived 
fraction in NW African aerosols is not exclusively recent. Radiocarbon dating of n-alkanols, 
another prominent class of plant-wax compounds, in dust collected by  a buoy, yielded a 14C-
age of 647 ±150 years (Eglinton et al., 2002). However, because of the low resolution of the 
ODP 659 plant-wax records (~3 ka), the reported age offsets are only of minor consequences 
for our climate reconstructions. It is thus assumed that contributions from ancient sedimentary 
and pedogenic sources are efficiently  superimposed by the prevailing contributions from 
vegetation and organic matter of contemporary soils (Simoneit et al., 1988; Simoneit, 1997; 
Schefuß et al., 2003a).
3.6.2 Vegetation types
The stable carbon isotopic composition of plants is mainly determined by two principal 
photosynthetic pathways of carbon fixation. Plants using the C3 pathway are considerably 
more 13C-depleted relative to those utilizing the C4 type, which is true for the whole leaf 
tissue and also on a molecular level for their epicuticular wax coating (Collister et al., 1994). 
The δ13C values of long-chain n-alkanes in leaf waxes range from −32‰ to −39‰ in C3 
plants and −18‰ to −25‰ in C4 plants (Rieley et al., 1991, 1993; Collister et al., 1994; 
Rommerskirchen et al., 2006a; Vogts et al., 2009). Changes in the isotopic composition of 
atmospheric CO2 are negligible (Indermühle et al., 1999). Thus, δ13CC31 values can be used to 
estimate C3 and C4 plant  contributions (%) to the sedimentary  n-alkane record. For this, we 
applied a binary mixing model with isotopic end-members for C3 and C4 plants derived from 
a data compilation by Castañeda et  al. (2009) with averaged δ13CC31 values of −35.2‰ and 
−21.7‰ for C3 and C4 plants, respectively. We are aware of the large ranges in this data set, 
leading to an uncertainty in C3/C4 estimates of about ±20%. This uncertainty  is even twice as 
high (about ±45%) when considering a global survey of published leaf δ13C values of woody 
C3 plants (Diefendorf et al., 2010). Findings like these challenge the applicability  of C3/C4 
estimates based on plant-wax δ13C and is thus rather avoided at present. In the same way, 
using globally  averaged δ13C end-members for C3 and C4 plants in regional-scale studies is 
also disputable. Nevertheless, relative changes in plant-wax δ13C should still enable a 
qualitative interpretation of the record.
Other approaches focus on the estimation of woody plant cover derived from the δ13C 
signature of soil organic matter (Cerling et al., 2011), and built on this, directly  from δ13CC31 
(Magill et al., 2013a). Still, this method is originally based on a relative C3/C4 relationship 
(Cerling et al., 2011 and references therein; Magill et al., 2013a). According to Magill et al. 
(2013a), the ODP 659 δ13CC31 record would reflect a total woody  plant variability of only 
2-12%, indicating that there is almost no detectable change. Furthermore, considering the 
regional setting, contributions from multiple source regions are likely and thus, estimates of 
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woody plant cover for a specific area would be meaningless. Instead, C3/C4 estimates in this 
particular setting may be helpful to assess relative changes in the magnitude of supplied plant 
material from different catchments (Zhao et al., 2003), which is also evident in marine 
sedimentary  pollen distributions (Hooghiemstra and Agwu, 1986; Hooghiemstra et al., 2006). 
Hence, the approach of converting δ13CC31 values into estimates of relative C4 contribution 
changes is mainly  limited to its comparison to relative changes documented in the published 
pollen data sets.
Quantitative estimates are further complicated by different n-alkane amounts in plant 
waxes, with angiosperms (all C4 grasses) producing considerably more n-alkanes than 
gymnosperms (Diefendorf et al., 2011; Bush and McInerney, 2013). It cannot be excluded that 
enriched δ13CC31 values throughout  the ODP 659 record are overrepresenting the relative C4 
contributions, but with regard to the provenance of plant waxes deposited in that area, the 
Sahel (predominantly  C4 plants) is most likely their source (see section 5.4). This is also 
supported by the averaged δ13C value of the n-C29 alkane obtained from the coretops 
(−26.3‰) as modern analog, which is in good agreement with a compound-specific isotope 
map off NW Africa, yielding most enriched values in that particular area (δ13CC29 approx. 
−26‰, see Fig. 3 in Huang et al., 2000). A clear predominance of C4 plant waxes (about 
70-90%) is also reflected in the δ13CC31 records of ODP 659 (values between −25.7‰ and 
−23‰) and the coretops (values between −25.7‰ and −24.5‰), identifying the Sahel as the 
major source region.
Previous plant-wax studies off NW Africa show similar ranges of C4 plants contributing to 
the marine sedimentary record (54-99% by Castañeda et al., 2009; 85-100% by Niedermeyer 
et al., 2010; Fig. 3.4). Nevertheless, these records also show opposite signals compared to our 
results. For instance, the results obtained from core GeoB9528-3 at 9°N show maxima in C3 
plants during Marine Isotope Stages (MIS) 3 and 5 (at 50-45 ka and 120-110 ka, respectively), 
attributed to expansions of the vegetation cover across the Saharan-Sahelian realm (Castañeda 
et al., 2009), while the ODP 659 records simultaneously exhibit C4 maxima (Fig. 3.4). 
Similarly, the δ13CC31 record of core GeoB9508-5 at 15°N shows highest values during the 
LGM and is thus more comparable to the GeoB9528-3 record in the south. These contrasting 
signals are most likely related to the different core locations (9°N vs. 15°N vs. 18°N), with 
ODP 659 being further north and thus closer to the latitude of the Sahara-Sahel-transition. A 
stronger monsoon activity at these latitudes favors C4 plants to extend northward into the 
Sahara desert (Dupont and Hooghiemstra, 1989), whereas C3 plants are increasingly 
dominating towards the equator and become even more abundant during times of enhanced 
precipitation. From this perspective, it becomes evident that the GeoB9528-3 δ13CC31 record 
tracks the transition between Guinean forest and Sudanian woodland, while GeoB9508-5 
seems to reflect either shifts of the southern Sahel boundary or Intra-Sahelian variability.
Unfortunately, sediments of ODP 659 are generally too poor in pollen for reliable 
palynological analysis hampering a direct comparison with our stable isotopes results. 
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However, pollen and plant-wax analyses on sediments of ODP 658 
showed a pattern comparable to that detected for ODP 659, interpreted 
as the result of the northward extension of C4 grass-rich vegetation 
types of the Sahel into the vegetation-poor desert during more humid 
periods (Dupont and Hooghiemstra, 1989; Zhao et al., 2003).
With respect to a recent study  by Vogts et al. (2012), correlating the 
average chain-length distribution (ACL) with δ13CC31 in SW Africa, it 
appears noteworthy that this positive correlation is inverted in the ODP 
659 records: While δ13CC31 values increase (indicating more C4 plants), 
the ACL values decrease (Fig. 3.3), though C4 plants are synthesizing 
longer chain lengths than C3 plants (Rommerskirchen et al., 2006a,b; 
Vogts et al., 2009) and thus, ACL values would be expected to increase. 
The relationship (r = −0.53; p  < 0.01) is best explained by a previously 
proposed influence of aridity on chain-length distributions (Schefuß et 
al., 2003a), which is also supported by the significant correlation (r = 
0.50; p  < 0.01) between ACL and δDC31. Considering the protective 
function of leaf waxes to stabilize the plant’s water budget (Hall and 
Jones, 1961), it appears likely that drier conditions favor the 
biosynthesis of longer-chain plant-wax compounds (Rommerskirchen 
et al., 2006a; Bush and McInerney, 2013).
3.6.3 Continental hydrology
The δD signature of leaf waxes is principally linked to the stable 
hydrogen isotopic composition of its source water, i.e., leaf and xylem 
water mostly  derived from precipitation (Sachse et al., 2012 and 
references therein). In NW Africa, the high seasonality  in precipitation 
dominates the isotopic fractionation of rain and leads to decreasing δD 
values with increasing precipitation intensities, expressed as the 
“amount effect” (Dansgaard, 1964; Worden et al., 2007; Risi et al., 
2008a,b). The low seasonal temperature variability reduces the 
temperature effect  and the general proximity to rain-generating 
atmospheric convection in the tropics minimizes the continental effect 
(Dansgaard, 1964; Rozanski et al., 1993). Furthermore, altitudinal 
changes in NW African topography are negligible. We assume that 
these conditions persisted throughout the investigated time interval. 
Nevertheless, a simple translation of plant-wax δD values (δDwax) into 
absolute precipitation amounts would be a misleading simplification of 
the underlying mechanisms. Apart  from the effect of changing ice 
volume in the course of the Last Glacial cycle (see Section 4.2), 
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substantial influences on the δDwax composition may result from changes in vegetation type 
(e.g., photosynthetic pathway, discussed below) and evapotranspiration. The latter generally 
causes D-enrichment of soil- and leaf-water due to the preferential loss of water with lighter 
hydrogen isotopes via soil evaporation, as well as leaf transpiration (Sachse et al., 2012). D-
enriched n-alkanes are the ultimate result of these physical and biochemical processes, as 
recently  evidenced in a greenhouse-field-model comparison (Kahmen et al., 2013a,b). Hence, 
these authors conclude that the incorporated δDwax signal reflects a mixture of both the state 
of hydrology  (precipitation) and plant physiology (evapotranspiration) at  the time of wax 
formation, mostly affecting the vegetation of arid regions. However, a substantial D-
enrichment relative to the original source signal seems unlikely  due to the shortness of the 
rainy  season in the Sahara/Sahel region (Heinrigs and Perret, 2009) and the relatively fast 
water uptake by grasses (Smith and Freeman, 2006; Gao et al., 2012), especially  under humid 
conditions of the growing season. In addition, formation of grass waxes is a continuous 
process (Smith and Freeman, 2006; Gao et al., 2012), in contrast  to deciduous leaf waxes, 
which record only a brief period during the early growing season (Tipple et al., 2013). This 
implies that the hydrologic conditions of the entire growing season, including drier phases, 
are captured and averaged by  the δDwax signature of grasses. Considering the amount effect on 
precipitation in conjunction with the potential for evapotranspirational D-enrichment of leaf 
water, the resulting δDwax values should thus enable a qualitative assessment of hydrologic 
changes, as both processes work in the same direction and amplify the variability of the 
signal.
Therefore, changes in the δDC31 signature are attributed to general humidity changes 
during the growing season. With a few exceptions, this is supported by enriched δDC31 
compositions during dust pulses and low Al/Si ratios, thus indicating arid conditions in NW 
Africa (Fig. 3.3). Conversely, a shift in the δDC31 signature towards more negative values is 
seen as the result of intensified precipitation during the growing season and/or reduced 
evapotranspiration resulting from higher humidity. The ODP 659 record displays considerable 
δDC31 variability  with a maximal shift of 34.9‰ (32‰ in the uncorrected record) between 
humid and arid periods. Within this range (−165.4‰ to −130.5‰), a mean value of −141.5‰ 
in the marine surface sediments indicates relatively dry conditions. Such climatic changes, 
reflected in the amplitude of δDC31 variations, resemble those detected off Senegal for the last 
44 ka (Niedermeyer et al., 2010), giving support to further interpretations of arid/humid 
phases based on this proxy. 
Interestingly, the δDC31 record is consistently anti-correlated (r = −0.55; p  < 0.01) with the 
δ13CC31 record, pointing to increased C4 plant contributions (up to 90%) to the vegetation 
cover during wetter periods (depleted δDC31). This relationship  is even more pronounced for 
the n-C33 alkane (r = −0.70; p < 0.01), being a prominent homologue of C4 grass waxes 
(Rommerskirchen et al., 2006a,b; Vogts et al., 2009). Usually, higher contributions of 
drought-adapted C4 plants are expected under more arid conditions and vice versa (Ehleringer 
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et al., 1997). In order to explain this apparent contradiction in the ODP 659 isotope records, 
several factors have to be considered.
For instance, plant-dependent δDC31 variations may be related to differences in leaf 
anatomy, rooting depth and photosynthetic pathway  (Sachse et al., 2012 and references 
therein). The δ13CC31 signature indicates a total C3/C4 plant variability of 20% (70-90% C4 
plants). In general, C4 grasses are D-depleted by ~20‰ relative to C3 trees (McInerney et al., 
2011) and D-enriched by ~20‰ relative to C3 grasses (Smith and Freeman, 2006). This means 
that even in a hypothetical case of a pure contribution of either one of the two C3 types (trees 
or grasses), the total C3/C4 plant variability  of 20% in the ODP 659 δ13CC31 record may 
account for a maximal shift of only ±4‰ of the total δDC31 variability  and can thus not 
explain the observed δDC31 shifts of up to 32‰ between humid and arid periods. Hou et al. 
(2007) investigated 11 tree species from Blood Pond, MA (USA) and also found a negative 
relationship  between plant-wax δD and δ13C signatures (R2 = 0.55). The authors suggest water 
use efficiency as an important control on δDwax values in trees. However, with regard to the 
vast majority of C4 plants (70-90%) reflected in the δ13CC31 signal of ODP 659, it seems 
unlikely that minor amounts of C3 plants exert such an impact on the relationship  of plant-
wax isotopes. In contrast, Bi et al. (2005) found a positive correlation of isotopes in trees (R2 
= 0.72) and a strong anti-correlation in herbaceous C4 plants (R2 = 0.93), attributed to plant 
physiology (tree, shrub and herb). The latter finding seems promising to explain the pattern in 
the isotopic data sets from ODP 659, but comparisons are hampered as the plants used by Bi 
et al. (2005) were sampled in a botanic garden, which underlies strong anthropogenic 
overprinting.
3.6.4 Plant-wax provenance
The specific location of ODP Site 659 and the potentially mixed contributions from 
different source areas provide the most  promising interpretation to explain the observed anti-
correlation of plant-wax isotopes. The core location is situated right beneath the main axis of 
today‘s dust plume over the NE Atlantic, which is dominated by low-altitude NETW 
(Chiapello et  al., 1995). This predominance becomes apparent in the NE-SW-trend of Sr-Nd-
isotopes in marine surface sediments (Grousset et  al., 1998) and atmospheric dust samples 
(Skonieczny et  al., 2011), as well as in grain size (Stuut et al., 2005) and clay mineral (Lange, 
1982) distributions. Highest NETW intensities were reported for glacial periods (Sarnthein et 
al., 1981). It was inferred that the dust plume has been relatively stable during glacial-
interglacial timescales (Sarnthein et al., 1981; Hooghiemstra et al., 2006). During times of 
enhanced NETW, however, an additional source area would contribute eolian dust. This is 
inferred to be located in southern Algeria and southwestern Libya based on clay  mineralogy 
and Sr/Nd isotopic analyses from core MD03-2705 taken at the same position as ODP 659 
(Jullien et al., 2007). If at  all, this region would contribute only low amounts of plant-derived 
lipids, whereas vegetation north of the Sahara is dominated by C3 plants (White, 1983). 
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Hence, it  is most likely  that the intensified trade winds essentially only supplied inorganic 
dust with minor organic material and that the majority  of plant waxes in sediments from ODP 
659 were always derived from the Sahel. The decreased relative C4 plant contribution during 
arid dust events (as indicated by enriched δDC31 values) must thus be explained by decreased 
C4 grass cover in the northern part  of the Sahel, which is vulnerable to decreased rainfall 
(Dupont, 1993). The accompanied relative increase in C3 plant contributions might be 
attributed to background supply from either one of the two C3 domains (northern vs. 
equatorial, Fig. 3.4).
An origin of C3 plant waxes from southern biomes seems unlikely, because the here-
observed anti-correlation of isotopes (δDC31 vs. δ13CC31) was not detected in the isotopic data 
sets obtained from a more proximal and southerly sediment core (Niedermeyer et  al., 2010). 
In fact, plant-wax-specific isotopes from that core (GeoB9508-5; 15°N) correlate positively (r 
= 0.57; p < 0.01). In addition to the geographical position of core GeoB9508-5, the slight 
increases in C3 plants during wet conditions suggest that this more southerly  record tracks 
Intra-Sahelian variability or even the southern Sahel boundary. The fact that the pronounced 
C3 maximum during the humid MIS 3 (50-45 ka) recorded at core GeoB9528-3 (9°N) 
coincides with highest C4 contributions recorded at ODP 659, as already mentioned above, is 
another argument against a southern (more equatorial) C3 source contributing to the ODP 659 
wax record.
Alternatively, it has been suggested that an increased input of C3 plant waxes and pollen in 
cores beneath the main dust plume may be related to biomes north of the Sahara (northern C3 
domain) due to stronger NETW (Zhao et  al., 2003). This second scenario is supported by 
further palynological evidence for higher NETW intensity during glacial periods 
(Hooghiemstra and Agwu, 1986; Hooghiemstra et al., 2006). Notably, the difference between 
glacial (LGM, 20 ka BP) and interglacial (AHP, 9 ka BP), in terms of ‘trade wind indicator‘ 
pollen distributions in marine sediments off NW Africa, matches well to the relative C3/C4 
estimates derived from the δ13CC31 record of ODP 659 (Fig. 3.4): Low C3 plant-wax 
contributions (down to 10%) were found during humid phases (depleted δDC31), in accordance 
with weaker NETW and a northward migration of the tropical rain belt. In contrast, relatively 
higher C3 percentages (up to 30%) were found during arid phases (enriched δDC31), reflecting 
enhanced southward wax transport from C3-dominated biomes north of the Sahara. Most 
essential in this context is that the pollen taxa used as trade wind indicators are always derived 
from plants with a distinct origin from north of the Sahara and thus indicate input from the 
northern C3 domain to the marine sedimentary record. For ODP 659, this also implies that the 
Canary  Islands are the nearest potential source region for C3 plant material (Dupont and 
Agwu, 1991; Hooghiemstra and Agwu, 1986; Hooghiemstra et al., 2006; Fig. 3.4). Thus, the 
similar glacial-interglacial variations further support the idea that carbon isotopes of plant 
waxes reflect relative contributions from two source areas (northern C3 vs. ’Sahelian’ C4 
domain). 
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Although the pollen indication of NETW strength is not a quantitative measure of the 
amount of transported C3 plant material, we may  use the difference between values for weak 
(interglacial) and strong (glacial) NETW (ca. 10% and 20-40%, respectively), which amounts 
to 2-4 times increased transport from northern latitudes during periods with strong NETW 
compared to those with weak NETW. The difference between minima and maxima δ13CC31 is 
about 1-2.5‰, which amounts to less than 2 times C3 plant-wax increase in most cases. Thus, 
intensified trade wind transport is more than sufficient to explain the δ13CC31 variability. The 
impact on δDC31 variability  is difficult to assess, as the δDC31 signature of the northern C3 
domain may  vary substantially  from that of the biomes south of the Sahara due to the 
influence of winter rainfall north of the Sahara (Nicholson, 2000). Nevertheless, the detected 
δDC31 amplitudes are in the same range as those detected off Senegal (Niedermeyer et  al., 
2010), which seem to be unaffected by the northern C3 domain. 
In summary, the consistent anti-correlation of the δDC31 and δ13CC31 records is the most 
striking result and can be described according to Zhao et al. (2003) by changing contributions 
from generally two source areas (northern C3 vs. ‘Sahelian‘ C4 domain). Nevertheless, due to 
the predominance of C4 plants reflected in the ODP 659 δ13CC31 record, the corresponding 
δDC31 signal is mainly shaped by the hydrologic conditions of biomes south of the Sahara, i.e. 
the Sahel, which is supported by  proxy comparisons (XRF data and similar δDC31 ranges and 
timing of variability compared to core GeoB9508-5 off Senegal). Thus, episodic northward 
extensions of the tropical rain belt reflected in depleted δDC31 compositions triggered C4 
expansions (increased δ13CC31 values and high n-alkane concentrations) into the Saharan 
realm. Conversely, a stronger C3-plant-wax signal during arid conditions is seen as the result 
of both, C4 retreat/southward shift of the Sahara-Sahel transition and larger contributions from 
biomes north of the Sahara transported by stronger NETW.
3.6.5 Causes of humidity changes
Transport of moisture is related to the atmospheric circulation, with NETW intensity as the 
limiting factor for the northward extent of the tropical rain belt and consequently  of the 
vegetation (Nicholson, 2000; Mulitza et al., 2008). This coupling is of particular importance 
when discussing the underlying causes for the observed changes in our proxy records. Though 
we report contributions from generally two different source areas, deduced from δ13CC31 
variations, the hydrologic information obtained from the plant waxes can still be 
predominantly attributed to the area with major plant-wax supply. For ODP 659, this 
constitutes the Sahara-Sahel transition. In order to unravel the drivers of environmental 
changes, detected in the ODP 659 records, we investigated the relation of humidity  indicators 
(δDC31, Al/Si) to external forcing factors, like SST, AMOC and solar insolation (Fig. 3.5). 
SST off NW Africa, for instance, responds passively to higher North Atlantic SST changes by 
advective current transport (Niedermeyer et al., 2009). Moreover, a weakening of the AMOC 
was postulated to be the main trigger of millennial-scale droughts in the Sahel (Mulitza et al., 
________________________________________________________III Last Glacial cycle
______________________________________________________________________
47
2008; Tjallingii et al., 2008; Niedermeyer et  al., 2009). Also on longer timescales, NW 
African vegetation distribution shows a link to AMOC variations (Castañeda et al., 2009). At 
ODP Site 659, however, we only find an insignificant correlation (r = 0.04) of humidity 
changes to AMOC strength reflected in the δ13C signature of benthic foraminifera (Sarnthein 
and Tiedemann, 1989; Fig. 3.5). This finding should be regarded with caution as comparisons 
are hampered due to the different resolution of the records.
The best fit for the timing of δDC31 and Al/Si changes in our study is found for Northern 
Hemisphere solar insolation (Fig. 3.5), in agreement with dust flux analyses (Trauth et al., 
2009). The general pattern of six humid phases reflected in the ODP 659 records during the 
last 130 ka coincides with the same number of insolation maxima, whereas the timing is not 
coherent throughout the whole time interval. In part this could be attributed to chronological 
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Fig. 3.5: Comparison of humidity changes with major forcings documented in the ODP 659 record: (a) δ13C 
signature of the benthic foraminifera Cibicidoides wuellerstorfi (Sarnthein and Tiedemann, 1989); (b) Uk’37-
derived SST variability; (c) original (blue) and ice-volume-corrected δD values (black) of the n-C31 alkane; (d) 
Al/Si ratio with 5 point running mean (black curve); (e) Summer (JJA) insolation at 18°N (Berger, 1978). Error 
bars indicate the standard deviation of multiple measurements.  Modern values (“0 ka”) of the SST and δD 
records are calculated from the averaged results of the coretops. Marine Isotope Stages (MIS) are indicated on 
bottom. Green bars highlight humid periods reflected in the δDC31 signature.
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issues, mostly concerning the older part of the record. A potential offset of ~4 ka at  ~128 ka 
BP towards older ages (Lisiecki and Raymo, 2009), as indicated in section 3.1, would indeed 
result in a better fit for both δDC31 and Al/Si with insolation variability. In contrast, hydrologic 
changes during MIS 3 and the early  MIS 2 rather follow SST variability and seem to be 
decoupled from insolation changes (Fig. 3.5), which was also noted in previous studies 
(Tjallingii et al., 2008; Weldeab et al., 2007). Oceanic forcing of the African monsoon is a 
typical feature of modern climate variability (Giannini et al., 2003). A recent investigation of 
core MD03-2705, taken at the same position as ODP 659, showed a strong coupling of 
regional oceanography, upwelling dynamics and continental climate for the last 220 ka 
(Matsuzaki et al. 2011). However, the general pattern of our alkenone-based SST estimates 
only supports such a tight coupling during a restricted time window (Fig. 3.5). This is 
attributed to lower amplitudes in solar insolation allowing other forcing factors to become 
dominant. It  has been suggested that summer insolation intensities have to pass a threshold of 
approx. 470 W/m2 to induce rapid climate and vegetation shifts (deMenocal et al., 2000). Our 
results largely agree with the postulated threshold in terms of a general decrease in insolation 
forcing, as we infer arid conditions during the moderate insolation maxima at around 30 ka 
and 60 ka. Humidity changes during the period of reduced insolation forcing are associated 
with SST changes.
3.7 Conclusions
The δD and δ13C signatures of long-chain n-alkanes from ODP Site 659 off NW Africa 
revealed a significant anti-correlation throughout the Last Glacial cycle (130 ka). Considering 
the specific core location and the corresponding catchment areas for plant-wax supply, this 
pattern reflects sensitive responses of the vegetation cover to precipitation changes in the 
Sahel region, accompanied by varying contributions from C3 biomes north of the Sahara by 
NETW. During arid phases, when the West African monsoon is limited in its northward 
extent, the northern parts of the Sahel experience crucial water stress, resulting in a 
pronounced contraction of the C4 vegetation cover. The corresponding increase in NETW 
strength during dry periods further promotes a more pronounced C3-plant-wax signal derived 
from the northern C3 domain. During humid periods, the C4-dominated Sahelian 
environments spread northward into the Saharan realm, in association with lower NETW 
inputs of C3 plant waxes. This interpretation is in accordance with terrigenous proxy 
comparisons (dust and XRF). Our results point to a shift from strong orbital insolation forcing 
with high amplitudes in variability (MIS 4 and 5) to SST forcing during low-amplitude 
insolation changes (MIS 3 and early MIS 2) and a move back to insolation-coupled hydro-
variability (MIS 1 and 2). This study demonstrates that the combination of molecular proxies 
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provides a robust framework for continental paleoenvironmental reconstructions in terms of 
hydrology, vegetation and transport agents associated with plant-wax export.
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4.1 Abstract
The Pliocene is regarded as a potential analog for future climate with conditions 
generally warmer-than-today and higher-than-preindustrial atmospheric CO2 levels. 
Here we present the first orbitally resolved records of continental hydrology and 
vegetation changes from West Africa for two Pliocene time intervals (5.0-4.6 Ma, 3.6-3.0 
Ma). Our results indicate that changes in local insolation alone are insufficient to explain 
the full degree of hydrologic variations. Generally two modes of interacting insolation 
forcings are observed: During eccentricity maxima, when precession was strong, the 
West African monsoon was driven by summer insolation. During eccentricity minima, 
when precession-driven variations in local insolation were minimal, obliquity-driven 
changes in the summer latitudinal insolation gradient became dominant. This hybrid 
monsoonal forcing concept explains orbitally-controlled tropical climate changes, 
incorporating the forcing mechanism of latitudinal gradients for the Pliocene, which 
increase in importance during subsequent Northern Hemisphere Glaciations.
4.2 Introduction
For the assessment of Pliocene climate conditions, focus has been on sea surface (Dowsett 
et al., 2013) and continental temperatures (Salzmann et al., 2013). Global mean annual 
temperatures were more than 3°C warmer and sea level was about 22 ±10 m higher than at 
present (Dowsett et al., 2013; Haywood et al., 2013b). However, data-model mismatches have 
been detected for terrestrial temperature estimates in the tropics likely due to limited proxy 
data (Salzmann et al., 2013). Moreover, a model intercomparison revealed inconsistencies in 
tropical precipitation estimates (Haywood et al., 2013b) indicating that more data on tropical 
hydrology are needed. Hydrogen isotopes of plant leaf waxes (δDwax) provide a proxy for 
paleohydrologic variations related to the isotopic composition of precipitation (δDrain; Sachse 
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et al., 2012). In tropical regions, δDrain is negatively correlated to precipitation amounts 
(Dansgaard, 1964; Rozanski et al., 1993; Risi et al., 2008b), whereas δDwax also incorporates 
secondary  effects of evapotranspiration, plant  physiology, and photosynthetic pathway 
(Sachse et al., 2012; see section 4.7.1). In areas with C4 grasses, the stable carbon isotopic 
composition of the same compounds (δ13Cwax) provides additional information about 
vegetation changes and can be used to differentiate between contributions from grassy (C4) 
and woody (C3) vegetation (e.g., Vogts et al., 2009).
The modern vegetation distribution and composition in West Africa (Fig. 4.1) reflects the 
latitudinal migration of the tropical rain belt (White, 1983): Close to the equator, high 
precipitation rates lead to dense vegetation cover, consisting of tropical rain forests and 
woodlands (mostly  C3). Further to the north, towards the Sahara desert, increasingly open 
grasslands (mostly C4) occur as rainfall decreases and wet  season length shortens. North of 
the Sahara, the Mediterranean vegetation is composed of shrublands, steppes and forests, 
which consist exclusively of C3 plants.
In general, orbital-scale African monsoon variability is mainly attributed to variations in 
low-latitude summer insolation, which is dominated by 19 kyr and 23 kyr periodicities of the 
precession cycle (Kutzbach, 1981; Rossignol-Strick, 1983; Tiedemann et al., 1994; 
deMenocal, 1995, 2004; Gasse, 2006; Ruddiman, 2006; Larrasoaña et al., 2013). 
Consequently, maximum insolation intensities are expected to increase monsoon circulation 
and thus rainfall, comparable to modern seasonal variations. Nevertheless, also obliquity (41 
kyr) cycles have been detected in sequences of Mediterranean sapropels (Lourens et  al., 
1996a), whose formation depends on monsoonal fresh-water discharge from Africa (see 
section 4.7.2). Equally, dust flux rates at Ocean Drilling Program (ODP) Site 659 (Tiedemann 
et al., 1994) and pollen flux rates at  ODP Site 658 (Dupont et al., 1989) show obliquity 
cycles, which are difficult to explain, since obliquity has a negligible effect on low-latitude 
insolation (e.g., Laskar, 1990).
We focus on ODP Site 659, situated offshore West Africa and centered beneath the main 
wind trajectories (Fig. 4.1). Its dust record provides evidence for the persistence of orbital 
arid-humid cycles during the last 5 Ma (Tiedemann et al., 1994). Coupled δDwax and δ13Cwax 
analyses from this site for the LGC have demonstrated their ability to record shifts in West 
African hydrology  and vegetation (Kuechler et al., 2013). However, δDwax studies from West 
Africa covering the Pliocene do not exist. Here we provide orbitally resolved δDwax and 
δ13Cwax records for two time intervals (5.0-4.6 Ma and 3.6-3.0 Ma) to evaluate hydrologic 
changes in Pliocene West Africa. In addition to the well-established precession forcing, we 
discuss further insolation mechanisms, like interhemispheric and latitudinal gradients, to 
explain the long-term evolution of the West African hydrologic cycle.
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4.3 Materials and methods
ODP Site 659 is located on top of the submarine Cape Verde Plateau at 3070 m water depth 
(Fig. 4.1). The siliciclastic fraction is considered to be of purely eolian origin due to low 
carbonate concentrations in the dust composition and its distal location on a submarine rise 
excluding fluvial input (Tiedemann et  al., 1994). Two Pliocene age models have been 
established based on variations in dust accumulation (Tiedemann et al., 1994) and benthic 
δ18O (Clemens, 1999). The latter is used in this study, since it allows a more precise 
correction for the effects of global ice volume on the δDwax record using the global benthic 
δ18O stack (Lisiecki and Raymo, 2005).
δDwax and δ13Cwax analyses were carried out on 230 samples with an average temporal 
resolution of ~4 ka, comparable to the dust record (Tiedemann et al., 1994). A sampling gap 
between 3.33-3.29 Ma is related to a core break. A detailed description of methods, including 
lipid extraction, quantification and stable isotope analyses, is given in Kuechler et al. (2013). 
δD values are reported relative to Vienna Standard Mean Ocean Water (VSMOW). An 
external n-alkane standard yielded a precision (1σ) and accuracy of 2‰, and squalane as 
internal standard yielded values of 2‰ and 1‰, respectively. The mean precision (1σ) of 
replicates for the n-C29-33 alkanes is 2‰. δDwax values were adjusted for changes in global ice 
volume (see section 4.7.1). δ13C values are reported relative to the Vienna PeeDee Belemnite 
(VPDB) standard. The external standard yielded a precision (1σ) of 0.3‰ and an accuracy of 
0‰. The values for internal standard are 0.2‰ and 0.3‰, respectively. Replicates yielded a 
mean precision (1σ) for the n-C29-33 alkanes of 0.2‰. Data sets are stored online at 
PANGAEA (www.pangaea.de).
In order to illustrate the temporal evolution of the dust and δDwax records, we applied 
continuous wavelet transform (Morlet) after Torrence and Compo (1998) using the software 
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Fig. 4.1: Location of Ocean Drilling Program 
(ODP) Sites 659 (star; 18°05‘N, 21°02‘W, 3070 
m water depth) and 658 (dot; 20°45’N, 
18°35’W; 2263 m water depth) offshore West 
Africa.  Main vegetation zones (dashed lines; 
simplified after White, 1983), dominant 
photosynthetic pathways (right), atmospheric 
trajectories (arrows), and summer/winter 
position of the monsoon front are indicated. 
The thickness of the arrows marks the different 
altitudes of the African Easterly Jet (AEJ; 
>3000 m) and the North-East Trade Winds 
(NETW; <1000 m).
PAST 3.0 (Hammer et  al., 2001; Fig. 4.2). For this statistical procedure, data sets were 
linearly  interpolated to an even spacing of 4 kyr. Signal power of orbital periodicities 
(precession, obliquity, eccentricity) is expressed in different shadings, with the significance 
level (p  = 0.05; black contours) after a chi-squared test with the null hypothesis of a white 
noise model. The cone of influence (black line) identifies the area of boundary effects.
4.4 Results and discussion
4.4.1 Plant-wax provenance and vegetation sources
Plant-wax-derived long-chain n-alkane concentrations from ODP Site 659 mostly vary 
between 0.01-0.8 μg g-1 dry sediment  and are clearly  coupled to dust accumulation 
(Tiedemann et al., 1994), suggesting predominant eolian transport (see sections 4.7.2 and 
4.7.3). Carbon preference indices (CPI) yield values of mostly  >3, indicating terrestrial plant 
contributions (Eglinton and Hamilton, 1967). Isotopic signatures of major homologues 
significantly correlate (see section 4.7.1.3). Therefore, we focus on the n-C31 alkane as the 
most abundant compound, attributed to the prevailing C4 grass input (Vogts et al., 2009).
Pliocene δ13Cwax values display a narrow range between –26.5‰ and –24.4‰, clearly 
below the enriched values of –23‰ observed for the LGC (Kuechler et al., 2013). The low 
δ13Cwax variations are attributed to two main aspects: (1) a relatively  stable wind system 
(Tiedemann et al., 1994) and thus a persistent provenance of plant waxes, and (2) the 
integration of a large source area. The Last Glacial pattern of relative increases in C3 plant-
wax material during arid phases attributed to enhanced contributions by trade winds 
(Kuechler et al., 2013) is not detected for the Pliocene (see sections 4.7.2). This suggests that 
only small amounts of plant waxes derived from Mediterranean sources because trade winds 
were weak, in line with the pollen records of ODP Sites 658 (Leroy  and Dupont, 1994) and 
659 (Vallé et al., 2014; Fig. 4.1). Thus, depleted δ13Cwax values indicate higher C3 plant 
coverage at the latitude of the Sahel compared to today suggesting more humid conditions. 
Relative to the LGC with a C4 maximum of ~90 %, we estimate a decreased occurrence of C4 
plants by ~20 % in the Sahel during the Pliocene (see also section 4.7.1).
4.4.2 Multiple insolation forcings
δDwax values range from –171‰ to –133‰ and show – in agreement with the dust record 
(Tiedemann et al., 1994) – alternating arid-humid conditions (Fig. 4.2), thus supporting 
previous dust-based conclusions and the use of δDwax as humidity  proxy (see section 4.7.1). 
However, variations in low-latitude insolation cannot explain the entire variability in the 
δDwax and dust records since some humid (arid) periods occur prior to insolation maxima 
(minima) or even coincide with insolation minima (maxima). Moreover, statistical evidence 
clearly  indicates a more complicated pattern with additional periodicities unrelated to 
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precession. These periods, in which humidity changes do not follow low-latitude insolation, 
turn out to be linked to obliquity (Fig. 4.2).
The mechanistic basis for the obliquity  signal in low-latitude climate records is a matter of 
debate. Modeling studies show contrasting results, both including (Tuenter et al., 2003; Weber 
and Tuenter, 2011) and excluding (Bosmans et  al., 2014) an influence of the high latitudes. 
On the one hand, obliquity in the tropics is attributed to higher moisture transport from mid/
high latitudes (Tuenter et al., 2003) or varying ice sheets and greenhouse gases (Weber and 
Tuenter, 2011) that influence the monsoon intensity and timing. On the other hand, recent 
modeling studies revealed an increase in monsoonal rainfall due to a stronger atmospheric 
pressure contrast between the West African continent (low pressure) and the South Atlantic 
(high pressure) under conditions of low precession (i.e. maximum local insolation) and high 
obliquity. Based on this, the interhemispheric (or cross-equatorial) insolation gradient at  lower 
latitudes was suggested to drive winds and associated moisture transport (Bosmans et al., 
2014). Notably, a northward shift of the tropical monsoon front when obliquity  was high is in 
agreement with proxy data, indicating a strong influence of the latitudinal insolation gradient 
(LIG) between high and low latitudes (Davis and Brewer, 2009), which is dominated by 
obliquity during summer (Fig. 4.2). In general, insolation gradients shape the climate system 
by differential heating and thus determine spatial temperature patterns, which ultimately steer 
atmospheric pressure gradients (Nicholson, 2009). On orbital timescales, the so-called 
“gradient hypothesis” explains the periodicity of glacial-interglacial cycles with the high-to-
low-latitude contrast in insolation (i.e. LIG) forcing moisture fluxes poleward via strong 
gradients, thus triggering ice sheet growth (Raymo and Nisancioglu, 2003). In this context, 
most studies focus on high latitudes and studies considering a latitudinal gradient forcing of 
tropical monsoon systems are limited to the LGC (e.g., Davis and Brewer, 2009). It has been 
suggested that  summer LIG weakening during high obliquity  would lead to a northward shift 
of the tropical monsoon front  (Davis and Brewer, 2009; Fig. 4.2). This was recently supported 
by another climate model, indicating a tight link between the LIG-controlled mid-latitude 
eddy circulation (driving the heat and moisture transport from low to high latitudes) and the 
poleward boundary of the tropical rain belt (Mantsis et al., 2014). For the West African Sahel 
the strongest monsoonal influence would thus be expected during the weakest summer LIG, 
shifting the tropical rain belt northward, instead of being purely triggered by  local insolation. 
For the Pliocene, both proxy data and model results confirm reduced meridional and zonal 
temperature gradients when the tropical monsoon was enhanced (Dowsett  et al., 2013; 
Haywood et al., 2013b). Still, none of the above mentioned forcing mechanisms is able to 
solely explain the variations in the δDwax and dust records (see also section 4.7.4).
Based on our results from the Pliocene and comparison with the LGC we propose a 
modified gradient forcing mechanism, which is independent of tectonically-driven changes in 
ocean circulation (see section 4.7.5). Wavelet analyses show repeated shifts in the periodicity 
of the δDwax and dust  records from the obliquity  to the precession band and vice versa, 
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depending on the amplitudes in precession and obliquity. We infer a consistent pattern with 
generally  two modes (Fig. 4.2): During periods with strong precession cycles (i.e. high 
eccentricity), the influence of summer LIG on monsoon variability is superimposed by 
changes in local insolation. In contrast, during weak precession cycles, summer LIG forms the 
primary forcing of the West African monsoon and its influence on the northward distribution 
of atmospheric moisture plays the decisive role for the West African climate. This is also 
supported by climate models, which show a strong dependency of the obliquity-induced 
precipitation response to precession, but not vice versa (Tuenter et al., 2003). The indication 
for LIG forcing during the Mid-Pliocene is less pronounced than during the Early  Pliocene 
and the LGC due to low variations in obliquity and accordingly, a relatively stronger 
precession component in the summer LIG (Fig. 4.2). LIG-induced climate shifts during the 
LGC are more severe than during the (Early) Pliocene due to increased ice-albedo feedbacks 
(Raymo and Nisancioglu, 2003). In addition, the duration of humid-arid periods seems to 
increase in the course of the LGC, reflecting the shift from one dominant forcing to another, 
i.e. from precession to obliquity. These findings caution against a too simplified view on 
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Fig. 4.2: Multiple insolation forcings. A: Latitudinal insolation gradient (LIG; 30-60°N) during boreal summer 
(JJA; black; Davis and Brewer, 2009) and obliquity (grey). B: Dust record (Tiedemann et al.,  1994). C: Ice-
compensated δD of the n-C31 alkane (Last Glacial cycle data from Kuechler et al., 2013). D: Eccentricity. E: 
Summer (JJA) insolation at 20°N. Orbital parameters calculated after Laskar,  (1990). Vertical grey bars link dry 
phases with the dominant forcing as indicated on top and bottom. Dashed brackets highlight periods of low 
eccentricity during which the major forcing switches to summer LIG. Continuous wavelet transform (Morlet) of 
dust and δD for the investigated time intervals are shown on top and bottom, respectively (after Torrence and 
Compo, 1998). Main orbital periodicities of precession (19/23 kyr), obliquity (41 kyr), and eccentricity (100 
kyr) are indicated.
orbital forcing mechanisms of the (tropical) hydrologic cycle and hence, related records. In 
general, our findings highlight the influence of the West African monsoon for Mediterranean 
sapropel formation, and corroborate a recurrent greening of the Sahara, which might have 
intermittently allowed hominin migration through otherwise hostile territory (Larrasoaña et 
al., 2013). However, our new concept affects the timing of these events (see section 4.7.2).
4.5 Conclusions
Our new West African monsoon records suggest that orbital forcing is indeed the major 
control of monsoon variability, but indicate that changes in local summer insolation are 
insufficient to explain the full degree of hydrologic variations. We infer a hybrid insolation 
forcing with two modes, depending on the strength of the precession cycle: During high 
eccentricity (strong precession fluctuations), the main driver is the precession-controlled local 
summer insolation, but during low eccentricity, the obliquity-controlled summer LIG 
dominates. This new forcing concept accounts for the forcing mechanism of subsequent 
NHG, and should have basic implications for paleoclimate/-environmental records linked to 
the West African monsoon.
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4.7 Supplementary information
4.7.1 Influences on the plant-wax δD record
4.7.1.1 Precipitation δD and the amount effect
4.7.1.2 Effect of vegetation composition
Differences in leaf anatomy, rooting depth and photosynthetic pathway may contribute to 
the final plant-wax δD signal (Sachse et  al., 2012). Overall, C4 grasses are D-depleted by 
~20‰ relative to C3 trees (McInerney et al., 2011) and D-enriched by ~20‰ relative to C3
grasses (Smith and Freeman, 2006). Plant-wax δ13C provides a hint  to vegetation shifts (i.e., 
C3 vs. C4; e.g., Castañeda et al., 2009; Kuechler et al., 2013). The small absolute δ13C 
variability of ~2‰ (between –26.5‰ and –24.4‰ for the n-C31 alkane) would correspond to a 
vegetation shift between C3 vs. C4 plants of less than 20%, when using the δ13C end-members 
of –35.2‰ for C3 plants and –21.7‰ for C4 plants (Castañeda et al., 2009). The 
corresponding difference in hydrogen isotopic fractionation would be less than ±4‰. 
Considering the large variability in the plant-wax δD record (between –171‰ and –133‰ for 
the n-C31 alkane), such minor plant-dependent variations are negligible for paleohydrologic 
conclusions drawn in this study.
Pollen records from ODP Sites 658 (Leroy and Dupont, 1994) and 659 (Vallé et al., 2014) 
indicate that Pliocene sub-Saharan savannahs have no modern analog, which harbors the 
potential for further uncertainties in the plant-wax δD record. Nevertheless, modern analogs 
are also missing for the last African Humid Period (AHP) during the Holocene (Watrin et al., 
2009). These authors emphasize that instead of a homogenous latitudinal shift of vegetation 
zones as a whole, individual plant species likely have an advantage over others. Notably, 
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Fig. 4.3. Monthly precipitation amount-δD relationship and temperature at Bamako (Mali, 12° 41’  24’’, -7° 59’ 
24’’, 381 m) exemplifying the amount effect (Dansgaard, 1964) in West African hydrology (IAEA/WMO, 
2014). This relationship is shown for monthly means, but also holds true on an annual basis (e.g.,  Rozanski et 
al., 1993).
δDwax studies from offshore NW Africa covering the AHP yield a robust  humid signal among 
different records (Niedermeyer et al., 2010; Collins et  al., 2013; Kuechler et  al., 2013), 
implying that they are apparently unaffected by a “non-analogous” vegetation composition. 
Finally, residence/transport times of plant waxes extracted from modern dust samples from 
offshore W Africa yielded a radiocarbon age of 650 ± 150 years (Eglinton et  al., 2002). Since 
our records have a ~4 kyr resolution, such potential contributions from pre-aged plant waxes 
are considered to have a negligible effect on our interpretations.
4.7.1.3 Effect of evapotranspiration
Aridity  may exert a considerable influence on the apparent fractionation (ε) between plant 
waxes and meteoric water via evapotranspiration and associated D-enrichment (Polissar and 
Freeman, 2010; Douglas et al., 2012; Kahmen et al., 2013a,b). It  was found that such an effect 
is less pronounced in lake sediments compared to soils, likely due to the higher potential of 
lakes to integrate large catchment areas and small-scale variability  related to differences in 
microclimate and vegetation (Douglas et  al., 2012). In our study, the terrigenous fraction of 
marine sediments is considered to have a primarily eolian origin from large parts of circum-
Saharan environments, especially from the Sahel (Tiedemann et al., 1994). Recently, Gao et 
al. (2014) investigated aerosols from arid and humid subtropical environments and found only 
minor deviations in ε (< 10‰), attributed to a possible compensation of isotopic enrichment 
due to decreasing relative humidity by a shift from trees to grasses in the vegetation.
4.7.1.4 Compensation of the ice volume effect on the plant-wax δD record
The δD record of the n-C31 alkane was adjusted for changes in global ice volume (Tierney 
and deMenocal, 2013). The Last Glacial Maximum was scaled to 1‰ (Schrag et al., 2002) in 
the LR04 global benthic δ18O stack (Lisiecki and Raymo, 2005) relative to the present (0‰), 
and subsequently  converted into δD values, using the global meteoric water line. Though the 
δD adjustment for the Pliocene is almost negligible (in the range of ±2‰), the procedure 
determines the use of the revised age model (Clemens, 1999), which is based on δ18O 
variability at ODP Site 659 and thus better matches the LR04 stack (Lisiecki and Raymo, 
2005; Fig. 4.4).
4.7.2 Link to Mediterranean sapropel formation
In general, sapropel formation in the Mediterranean Sea is documented since the Late 
Miocene (Colleoni et al., 2012) and linked to peak humid periods in N Africa, when fresh-
water discharge through the Nile and additional, but no longer active drainage systems along 
the N African continental margin west of the Nile disrupted deep-water formation in the 
Mediterranean resulting in anoxic bottom sediments (Larrasoaña et al., 2013 and references 
therein). Recently, Larrasoaña et al. (2013) pointed out that sapropels constitute the only 
continuous record prior 130 ka to identify  peak humid periods in N Africa. The mid-point of 
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each sapropel was tuned to 65°N summer insolation with an assumed response lag of 3 kyr 
based on the timing of the youngest sapropel (S1) to maximum summer insolation during the 
Holocene and concomitant humid conditions in Africa (Hilgen, 1991; Lourens et al., 
1996a,b). According to Emeis et al., (2000), the inferred ages still remain preliminary. In this 
context, our concept  of a hybrid insolation forcing challenges the assumption of a fixed 
forcing mechanism related to precession and its application for orbital tuning. The orbital 
configuration during which sapropel S1 was deposited reveals that the insolation maximum is 
in-phase with the latitudinal insolation gradient (LIG) minimum, thus obscuring a potential 
LIG influence (e.g., see Fig. 4.5). This also raises the question about the importance of phase 
relationships between precession and obliquity, as already noted in previous studies (e.g., 
Kukla et al., 1981; Clemens and Prell, 2007).
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Fig. 4.4: West African hydrology and vegetation during the Pliocene recorded at ODP Site 659, compared to the 
Last Glacial cycle (Kuechler et al., 2013). A: LR04 benthic δ18O stack (left axis; Lisiecki and Raymo, 2005) 
and, based on this, estimated δD change (right axis) used for adjustment of the plant-wax δD record for varying 
ice volume (see above), with major events (horizontal arrows) and time intervals discussed in this study (grey 
bars). The progressive closure of the Central American Seaway (CAS; Steph et al., 2010), the Mid-Piazencian 
Warm Period (MPWP; Dowsett et al., 2013), and the intensification of Northern Hemisphere Glaciations (NHG) 
are indicated. B: Close up of (A) for the investigated time intervals.  C: benthic δ18O record of ODP 659 
(Tiedemann et al., 1994). D: Plant-wax δ13C and E: δD values of the n-C31 alkane. Ice-compensated δD is based 
on (A). Long-term variability is indicated by the 7 pt.  running mean (thick line). Horizontal dashed lines in (D) 
and (E) are isotopic ranges during the Last Glacial cycle. F: Long-chain n-alkanes (n-C27-35; μg g-1 dry 
sediment). Note two off-scale maxima at 78.5 ka and 3.319 Ma. The corresponding values are 1.84 and 1.57 μg 
g-1,  respectively.  G: Dust record (Tiedemann et al., 1994). H: Summer (JJA) insolation at 20° N (Laskar, 1990). 
Mediterranean sapropel layers (Emeis et al., 2000) are indicated by vertical dashed lines. Offsets between 
sapropels and insolation maxima increase back in time due to different astronomical solutions used for tuning, 
i.e., Laskar et al. (1993) and Laskar (1990), respectively. The same accounts for the slight offsets between the 
LR04 stack and the ODP 659 δ18O record.  Note the longer (obliquity-scale) periodicities in the sapropel record 
during the Early Pliocene coinciding with humid conditions reflected in the δDwax and dust records.
4.7.3 Correlations
Table 4.1: Correlations (r- and p-values) for plant-wax-specific stable isotopes, long-chain n-
alkanes and dust concentrations at ODP Site 659
n-Cx LGC p MPWP p pre-MPWP p EP p
δD
29/31 0.80 < 0.01 0.85 < 0.01 0.70 < 0.01 0.70 < 0.01
31/33 0.74 < 0.01 0.83 < 0.01 0.58 < 0.01 0.63 < 0.01
29/33 0.73 < 0.01 0.79 < 0.01 0.52 < 0.01 0.56 < 0.01
δ13C
29/31 0.86 < 0.01 0.87 < 0.01 0.82 < 0.01 0.60 < 0.01
31/33 0.78 < 0.01 0.70 < 0.01 0.64 < 0.01 0.51 < 0.01
29/33 0.62 < 0.01 0.66 < 0.01 0.73 < 0.01 0.41 < 0.01
δD vs. δ13C
29 -0.08 0.67 0.42 < 0.01 0.20 0.08 0.12 0.24
31 -0.55 < 0.01 0.36 < 0.01 -0.04 0.76 -0.23 0.03
33 -0.70 < 0.01 0.01 0.91 -0.10 0.38 0.05 0.61
δD31 vs. dust%
0.34 0.02 0.41 < 0.01 0.21 0.06 0.23 0.02
n-C27-35 vs. dust%
0.36 0.02 0.48 < 0.01 0.16 0.16 0.70 < 0.01
  Note: For statistical analyses (PAST 3.0; Hammer et al.,  2001), the Mid-Pliocene interval 
was split into the Mid-Piazencian Warm Period (MPWP; 3.273-3.007 Ma) and the preceding 
one (pre-MPWP; 3.616-3.309 Ma) separated by a stratigraphic gap of ~36 kyr in the 
sedimentary record. The Early Pliocene (EP) interval ranges from 4.997-4.625 Ma. Data sets 
were re-sampled to create evenly spaced records, according to the original average temporal 
resolution of 4 kyr.  Values for the Last Glacial cycle (LGC; last 130 kyr) are given for 
comparison. Most r-values exhibit p < 0.01, except were highlighted (in italics).
4.7.4 Equal orbital signatures
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Fig. 4.5: Equal orbital signatures (Laskar,  1990). A: Latitudinal insolation gradient (LIG) during boreal summer 
(JJA) between 30 and 60 °N (black) and obliquity (grey). B: Eccentricity, modulating the influence of 
precession on insolation changes. C: Summer (JJA) insolation at 20 °N (grey) and LIG during boreal winter 
(DJF; black). The similarity arises from the dominant influence of the lower latitude component on the winter 
LIG due to polar night conditions at high latitudes. D: Interhemispheric insolation gradient (IHIG) during boreal 
summer (JJA) between 20 °N and 20 °S (black) and summer (JJA) insolation at 65 °N (grey). Both are under the 
influence of the same orbital forcing, but contain a stronger obliquity component than the low-latitude 
insolation. Note that insolation maxima are in-phase with IHIG maxima and reduced winter LIG due to the 
dominant precession forcing in the orbital records.
4.7.5 Closure of the Central American Seaway
For the Last Glacial cycle, several studies showed a strong impact of the Atlantic Meridional 
Overturning Circulation (AMOC) on vegetation and climate of the Sahel during Heinrich 
Events (Mulitza et  al., 2008; Niedermeyer et al., 2009; Bouimetarhan et al., 2012; Handiani et 
al., 2013). Therefore, it was expected that during the Pliocene, the progressive shoaling of the 
Central American Seaway (CAS) between 4.8-4.0 Ma (Steph et al., 2010) should have had an 
impact on West African hydrology via increased AMOC and deep-water formation 
presumably leading to overall wetter conditions in West Africa. However, the δDwax record 
shows the same pattern before and after the CAS closure, comparable to the variability  during 
the LGC (Kuechler et al., 2013; Fig. 4.4) indicating orbital forcing as the main driver of West 
African hydrology. Therefore we conclude that the CAS closure (Steph et al., 2010) had no 
substantial effect on the Pliocene West African monsoon. Likely, Pliocene climate conditions 
(limited Northern Hemisphere Glaciations, NHG) dampened the influence of the AMOC on 
West African hydrology. As indicated by  the ODP Site 659 pollen records, the increase of 
aridity was related to trade wind strengthening following the intensification of NHG, starting 
~2.7 Ma ago (Vallé et al., 2014).
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5.1 Abstract
Understanding the hydrologic cycle is of vital importance for the interpretation of 
past and the prediction of future climate changes. A promising method to assess past 
precipitation changes is based on the stable hydrogen isotopic composition of plant-wax-
derived long-chain n-alkanes (δDwax), which depends on that of precipitation (δDp), but 
is also exposed to other influences. In order to strengthen our understanding of its 
environmental significance and thus, its application in a paleoclimatic context, this study 
investigates the link between δDwax in marine surface sediments and δDp across a large 
hydrologic gradient. We analyzed 57 samples off the West African coast spanning a 
transect between 31-9°N. Complementary stable carbon isotopes of the same compounds 
(δ13Cwax) agree well with previously published results, indicating a maximum in C4 plant 
contribution at the latitude of the Sahel, while C3 plants dominate off Morocco and 
Guinea corresponding to the vegetation cover. Notably, independent of the large 
latitudinal shifts in climate and vegetation, the apparent fractionation (ε) of the n-C31 
alkane stays relatively constant (around −126‰) along the transect and revealed the best 
correlation with annual δDp compared to that of the n-C29 and n-C33 alkanes. In 
contrast, the latter two compounds correlate significantly with δ13Cwax and mean air 
temperatures, indicating a strong influence of vegetation changes and, likely, related 
differences in water use efficiency on the corresponding δDwax signatures. These 
differences are most apparent in the northern half of the transect, between Morocco and 
the Sahel, while for the southern half, δDwax and ε values yield minor deviations among 
homologs despite of mixed C3/C4 contributions. For West Africa we thus conclude that 
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the n-C31 alkane appears most suitable to derive paleohydrologic reconstructions from 
marine sediments. Furthermore, the distinct latitudinal patterns in δDwax and δ13Cwax 
suggest that changes in the isotopic offsets between homologs might serve as indicators 
of latitudinal shifts in climate and vegetation.
5.2 Introduction
Plant waxes cover the leaves of almost  all land plants and serve as protection against 
external stress (Hall and Jones, 1961; Eglinton and Hamilton, 1963; Shepherd and Griffith, 
2006; Samuels et al., 2008). A major constituent of these wax coatings are long-chain n-
alkanes with an odd-over-even carbon number (C25-C35) predominance (Chibnall et al., 1934; 
Eglinton and Hamilton, 1967), numerically expressed as the carbon preference index (CPI) 
with commonly higher values (>3) for plant-wax-derived n-alkanes (Bray  and Evans, 1961; 
Eglinton and Hamilton, 1963; Mazurek and Simoneit, 1984; Collister et al., 1994). Following 
their original function, plant-wax-derived compounds remain intact after removal, transport 
by winds/rivers and final burial (Eglinton and Eglinton, 2008). Their resistance to degradation 
and diagenetic effects (e.g., Sessions et al., 2004; Schimmelmann et al., 2006) is an important 
prerequisite for their increasing application in paleoclimate studies. An essential component 
of climate change is precipitation variability, for which the stable hydrogen isotopic 
composition of plant waxes (δDwax) offers a valuable tool (e.g., Schefuß et al., 2005; Pagani et 
al., 2006; Huang et  al., 2007; Niedermeyer et al., 2010; Tierney  et al., 2011; Collins et al., 
2013).
The relationship between δDwax and climatic factors has been investigated by several 
approaches ranging from living plants (Sternberg, 1988; Sessions et al., 1999; Chikaraishi and 
Naraoka, 2003; Sachse et al., 2006, 2009; Smith and Freeman, 2006; Liu and Yang, 2008; 
Pedentchouk et al., 2008; Feakins and Sessions, 2010a,b), lake surface sediments (Huang et 
al., 2004; Sachse et al., 2004; Hou et al., 2008; Aichner et al., 2010; Polissar and Freeman, 
2010; Garcin et al., 2012; Shanahan et al., 2013), marine surface sediments (Leider et al., 
2013) to aerosols (Gao et al., 2014). The stable hydrogen isotopic composition of 
precipitation (δDp) exerts the primary control on δDwax signatures, though additional factors 
potentially have an influence on the apparent fractionation (ε) between δDwax and δDp (Sachse 
et al., 2012), which is defined as
ε = 1000*[(δDwax+1000)/(δDp+1000)-1].
Many studies have identified distinct ε variations for different plant types (Chikaraishi and 
Naraoka, 2003; Sachse et  al., 2006, 2009, 2012; Smith and Freeman, 2006; Hou et al., 2007; 
Liu and Yang, 2008; Feakins and Sessions, 2010a,b; Gao et al., 2011;  McInerney  et al., 2011; 
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Tipple et  al., 2013): Taken together, these studies indicate that grasses using the C4 
photosynthetic pathway have a more negative ε (mean of −136‰ for the n-C31 alkane) 
relative to C3 trees (−110‰), while having a more positive ε compared to C3 grasses (−151‰; 
Sachse et al., 2012). Considering plant life-forms, the least negative ε was observed for 
shrubs, especially long-lived ones and shrub-like trees, and a tendency to increasing 
fractionation by  trees, forbs and grasses (Sachse et al., 2012). In addition to biosynthetic 
fractionation, climatic factors, such as relative humidity, have the potential to alter the 
isotopic signal by evaporative D-enrichment of soil-water (Smith and Freeman, 2006; 
McInerney  et al., 2011) and leaf-water (Kahmen et al., 2013a,b). This is also related to 
differences in rooting depth, which result in the uptake of different source waters with varying 
degrees of evaporative D-enrichment (Sachse et al., 2012), including seasonal variations in 
the depth of water uptake (e.g., Asbjornsen et al., 2008). For instance, woody shrubs and trees 
are able to increase the depth of water uptake depending on water availability, whereas 
herbaceous plants are mainly limited to the upper 20 cm of the soil (Asbjornsen et al., 2008). 
According to Sachse et  al. (2012), a larger ε in grasses (monocots) is mainly related to 
physiological/biosynthetic variations, while those in other classes (dicots such as trees, 
shrubs, herbs) are linked to a higher degree to climatic parameters affecting soil/leaf water D-
enrichment. For instance, the temperature effect observed for isotopic fractionation is related 
to its influence on respiration and photosynthesis, potentially affecting the isotopic 
composition of intracellular water (Sachse et al., 2012). In more detail, isotopic variations 
between leaf water and its xylem water are driven by relative humidity, temperature and water 
vapor δD (Kahmen et al., 2008), while the latter is affected by  the former two parameters 
(Sachse et al., 2010). It was found that climate-dependent isotopic modifications leading to 
leaf-water D-enrichment are strongest in arid regions (Kahmen et al., 2013a,b).
In addition to ε variations, clear differences in the timing of wax formation exist between 
monocots and dicots, thus integrating different δDp ranges (Sachse et  al., 2012). In contrast to 
deciduous leaf waxes, which are synthesized rather early during the growing season (Tipple et 
al., 2013), continuous wax formation in grasses provides a high potential for integrating 
environmental conditions of the entire growth phase (Smith and Freeman, 2006; Gao et al., 
2012). However, such differences should be limited in regions with a generally  short  growing 
season, e.g., the West African Sahel. This means that the δDwax signature incorporates a 
combination of biosynthetic fractionation, source-water δD and the local environmental 
conditions.
With regard to regional differences, recent observations are necessary to calibrate proxies 
for reliable inferences of past  environmental changes on a regional scale. The mapping of 
marine surface sediment properties and its comparison with modern environmental conditions 
form a necessary  baseline for further down-core interpretations. In this study, we focus on 
West Africa (Fig. 5.1), a region of extreme environmental differences (see next section) and 
hence, a suitable study area for the assessment of the hydrologic information provided by 
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marine δDwax records. So far, coretop mapping of the stable carbon isotopic composition of 
plant waxes (δ13Cwax) has been accomplished in this area and revealed a clear link to 
latitudinal vegetation zones in West Africa (Huang et al., 2000). This finding is also in line 
with pollen data from marine surface sediments (Dupont and Agwu, 1991) and the δ13Cwax
signature of aerosols (Simoneit, 1997; Schefuß et al., 2003a). Thus, in order to assign the 
marine sedimentary hydrologic signal (δDwax) to continental sources, we compare our δ13Cwax
data with previous results and the West African environmental setting. For the latter, we 
calculated annual means of climatic parameters within the inferred catchments, including 
precipitation amount and corresponding δDp signature, as well as mean air temperature and 
water vapor pressure. This calibration study aims for establishing a δDwax–δDp relationship, in 
order to improve our understanding of the environmental information captured in the δDwax
signal in this particular region, which will ultimately support its application in the 
paleoclimatic context.
5.3 Study Area
Precipitation variability  in West Africa 
follows a distinct pattern: North of the Sahara, 
the wet season occurs during winter, which also 
accounts for most of the major rainfall events in 
the central Sahara (Nicholson, 2000). South of 
the Sahara, the latitudinal/seasonal migration of 
the tropical rain belt  exerts the dominant 
influence on West African climate, with highest 
precipitation amounts at the equator decreasing 
towards higher latitudes (Nicholson, 2009). This 
causes the high seasonality  in the Sahel, limiting 
the rainy season to boreal summer (July to 
September) when the tropical rain belt migrates 
northward reaching its northernmost position at 
~20°N in August (Nicholson, 2009). The Sahel is 
thus most susceptible to climate changes and 
frequently affected by periods of severe drought 
(e.g., Heinrigs and Perret, 2009). Moisture 
sources of tropical precipitation in West Africa 
are the Gulf of Guinea and local water recycling 
through continental evapotranspiration (Gong 
and Eltahir, 1996; Nicholson, 2009). The 
V Coretop Transect_________________________________________________________
______________________________________________________________________
66
???
???
???
???
????
??
??????????????
???????????
???????
???????
???????
N
????
????
????
????
????
0            500                     1000              3500
Elevation (m)
A (1-4)
B (5-7)
C (8-9)
D (10-31)
E (32-48)
F (49-57)
????
???
Fig. 5.1: Locations of marine surface sediment 
samples (black dots) used in this study. Samples 
were locally grouped (grey areas A-F) to facilitate 
the comparison with environmental factors. 
Topographic features of West Africa including 
major river and wind systems, as well as 
bathymetry of the adjacent NE Atlantic are 
indicated. The thickness of the arrows marks the 
different altitudes of the African Easterly Jet (AEJ; 
> 3000 m) and the North-East Trade Winds 
(NETW; < 1000 m).
dominant control on tropical δDp is the amount effect leading to a negative correlation 
between precipitation amounts and δDp values, while other effects related to temperature, 
altitude and distance to the moisture source exert further influences on δDp (Dansgaard, 1964; 
Rozanski et al., 1993; Worden et al., 2007; Risi et al., 2008a,b).
This precipitation regime is reflected in the distribution and composition of the vegetation 
(White, 1983): North of the Sahara, vegetation can be generally  divided into forests and 
steppes. Forests contain, among others, Quercus (oak tree), Pinus (pine tree) and Cedrus 
(Cedar); steppes contain, for instance, Stipa (a C3 grass), Ephedra and Artemisia (shrubs). 
Species of Artemisia are also abundant at higher altitudes. The steppe (semi-desert grassland 
and shrubland) forms the transition to the Sahara desert in the south. The sparse desert 
vegetation consists of mostly C4 plants (e.g., Amaranthaceae) and rarely  CAM (Crassulacean 
Acid Metabolism) plants. The Sahel constitutes the southern transition zone to the desert, and 
can be divided into a northern part consisting of semi-desert grass-/shrubland and a southern 
part comprising Acacia wooded grassland and deciduous bushland. In contrast to biomes 
north of the Sahara (C3 plants), sub-Saharan tropical grass species are almost exclusively of 
C4-type, which are well adapted to warm and arid conditions (e.g., Ehleringer et al., 1997). 
Towards the equator, C3 plant  contributions increase in the Sudanian and Guinean vegetation 
belts and maximize in the tropical rainforest close to the Gulf of Guinea. Along the coast, 
mangroves occur in the vicinity of rivers.
Transport of terrigenous material in West Africa is mainly related to the atmospheric 
circulation: Low-altitude North-East Trade Winds (NETW) dominate during boreal winter 
carrying dust southwestwards, whereas at higher altitudes, the African Easterly Jet (AEJ) is 
strongest during boreal summer, carrying dust from the southern Sahara and Sahel westward 
(e.g., Pye, 1987; Chiapello et al., 1995, 1997; Prospero, 1996). These two wind systems are 
responsible for the majority of plant waxes deposited in the adjacent ocean (e.g., Simoneit  et 
al., 1977; Gagosian et al., 1981; Huang et al., 2000; Schefuß et al., 2003a). In coastal areas, 
fluvial transport is locally important, such as off Morocco (Holz et al., 2004), Senegal and the 
Gulf of Guinea (Huang et al., 2000).
However, several lines of evidence indicate that dust deposition in the NE Atlantic offshore 
West Africa is rather dominated by the NETW, compared to the AEJ’s long distance transport 
(Chiapello et al., 1995, 1997; Ratmeyer et al., 1999a,b; Stuut et  al., 2005). A common feature 
is the NE-SW-trend in the distribution of Sr-Nd-isotopes in marine surface sediments 
(Grousset et al., 1998) and atmospheric dust samples (Skonieczny et al., 2011), as well as in 
grain size (Stuut et  al., 2005) and clay mineral (Lange, 1982) assemblages. Similar Sr-Nd-
isotopes in dust and marine sediments even suggest that the terrigenous fraction is 
predominantly derived from major dust storms (Skonieczny  et al., 2011). During such events, 
the wind trajectories and associated dust sources may shift significantly, thus documenting its 
potential to integrate the signals from large catchment areas (Skonieczny et al., 2011). The 
Sahel is a major dust source for the supply of most terrigenous material to the NE Atlantic, 
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being mainly active during December and January 
(Chiapello et al., 1995, 1997). Likewise, this means that 
plant-wax export is mostly  restricted to the winter season. 
Though the timing of wax formation differs greatly  among 
plants (see above), we may assume that a catchment-
integrated signal recorded by sedimentary plant waxes 
generally  reflects the environmental conditions during the 
growing season (Sachse et al., 2012) or integrate an 
average annual signal, considering the higher production 
and regeneration of waxes under stress (e.g., Shepherd and 
Griffith, 2006; Gao et al., 2012).
The main ocean surface currents in the study area are the 
Canary  Current, Guinea Current, North Equatorial Current 
and North Equatorial Counter Current (e.g., Sarnthein et 
al., 1982; not shown). As part of the subtropical North 
Atlantic Gyre, the wind-driven Canary Current flows 
southward along the West African continental margin and 
merges with the North Equatorial Current. Coastal 
upwelling is a prominent feature in this area, induced by 
NETW intensity (e.g., Mittelstaedt, 1991). The North 
Equatorial Counter Current flows eastward south of 10°N. 
Despite of the potential displacement of pollen and dust by 
ocean currents, the latitudinal distribution of vegetation is 
well reflected in the pollen assemblages (Hooghiemstra 
and Agwu, 1986; Dupont and Agwu, 1991; Hooghiemstra 
et al., 2006) and plant-wax δ13C (Huang et al., 2000) of 
marine surface sediments and can thus be ruled out as a 
major effect. This is further supported by time-series data 
of sediment traps in this area, indicating a significant 
correlation between organic carbon and lithogenic particle 
fluxes, as well as a rapid and almost undisturbed 
sedimentation of particulate matter (Ratmeyer et al., 
1999a).
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5.4 Materials and methods
5.4.1 Sample specifications
This study uses 57 marine surface sediment samples (0-1 cm), spanning a N-S-transect 
from 31°N (Morocco) to 9°N (Guinea) along the West African continental margin from 
various water depths (18-4167 m) and distances (15-400 km) to the coast (Table 1; Fig. 5.1). 
Samples were retrieved during cruises M53/1 (2002), M58/2 (2003), M65/1 (2005) and 
MSM11/2 (2009) of the German research vessels Meteor (M) and Maria S. Merian (MSM), 
and recovered by multicorer to preserve the original sediment surface.
5.4.2 Lipid extraction and analyses
Samples were dried, ground and an internal standard (IS; squalane) was added before 
extraction. Lipid extraction was performed with a DIONEX Accelerated Solvent Extractor 
(ASE 200) using a mixture of dichloromethane:methanol (DCM:MeOH, 9:1) under controlled 
pressure (1,000 psi) and temperature (100°C). The resultant total lipid extracts were 
concentrated via rotary  evaporation and subsequently saponified with 6% KOH in MeOH at 
85°C for 2 h. Neutral compounds were then isolated with hexane and separated by column 
chromatography  with silica gel (60 mesh). Further column chromatography with AgNO3-
coated silica gel was used to purify  the saturated hydrocarbons by removing unsaturated 
compounds. Identification and quantification of n-alkanes was carried out by gas 
chromatography/flame ionization detection (GC-FID) using a reference mixture with known 
n-alkane concentrations as external standard. The mean precision for n-alkane quantification 
is 0.02 µg g-1, based on the mean accuracy (3%) of the external standard.
The carbon preference index (CPI) of long-chain n-alkanes is based on 
CPI = 0.5*[(Xi + Xi+2 + ... + Xn)/(Xi-1 + Xi+1 + ... + Xn-1)] + 0.5*[(Xi + Xi+2 + ... + Xn)/(Xi+1 + 
Xi+3 ... + Xn+1)]
with i = 25 and n = 33, indicating the carbon number of n-alkanes (Kolattukudy, 1976).
The average chain-length (ACL) is based on 
ACL = ∑(i*X)/∑Xi
with X for abundance and i for the range of carbon numbers between 25 and 35 of n-alkanes 
(Poynter et al., 1989).
5.4.3 Plant-wax-specific stable hydrogen and carbon isotopes
Compound-specific δD analyses were conducted with a Thermo Trace GC coupled to a 
Thermo Fisher Scientific MAT 253 irm-MS via a pyrolysis furnace operated at 1,420°C. All 
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measurements are calibrated against H2 reference gas with known isotopic composition and 
the H3+ factor was monitored daily (value of 6.1; 6.8 for coretops from Kuechler et al., 2013). 
δD values are reported in permil [‰] relative to the Vienna Standard Mean Ocean Water 
(VSMOW) standard. An external standard mixture with known δD values of 15 n-alkanes was 
analyzed repeatedly  with the samples, and yielded a precision (1σ) and accuracy of 3‰ and 
1‰, respectively (n=57). In addition, squalane (IS) yielded a precision (1σ) of 3‰ (n=99). 
The mean standard deviation (1σ) of replicates for the n-C29, n-C31 and n-C33 alkane is 2‰.
δ13C values of n-alkanes were measured using a Thermo Trace GC coupled to a Finnigan 
MAT 252 irm-MS via a modified Finnigan GC/C III combustion interface operated at 
1,000°C. δ13C values were calibrated against  an external reference gas (CO2) with known 
isotopic composition, and are reported in permil [‰] relative to the Vienna PeeDee Belemnite 
(VPDB) standard. The external n-alkane standard yielded a precision and accuracy of 0.2‰ 
and -0.1‰, respectively  (n=43). Duplicate measurements yielded a standard deviation (1σ) 
for the n-C29, n-C31 and n-C33 alkane of 0.2-0.3‰ and for squalane (IS) of 0.1‰ (n=105).
In order to facilitate the comparison with the conditions on land, the coretops were 
regionally  grouped and the plant-wax data fused into concentration-weighted areal means 
(Table 2).
5.4.4 Climatic parameters
Continental source areas of marine sedimentary  plant  waxes were selected according to the 
latitudinal extent of regionally grouped coretops and span a distance of approximately  200 km 
inland from the coast. Annual values (averaged over 1961-1990) for precipitation amount, 
mean air temperature (MAT) and water vapor pressure were taken from the CRU TS 3.22 
dataset (Harris et al., 2014; New et al., 1999). Catchment mean δD values for annual 
precipitation (δDp) were retrieved from the δDp dataset of Bowen and Revenaugh (2003). 
These estimates are also precipitation amount-weighted (Bowen and Revenaugh, 2003) by 
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Area n-C27-35 SE CPI25-33 SE ACL25-35 SE δ13C (‰ VPDB) δD (‰ VSMOW)
(µg/g) n-C29 SE n-C31 SE n-C33 SE WMA SE n-C29 SE n-C31 SE n-C33 SE WMA SE
A 0.53 0.07 4.7 0.2 30.1 0.1 -31.5 0.2 -31.3 0.2 -31.2 0.3 -31.3 0.3 -131 3 -147 3 -128 2 -138 4
B 0.41 0.08 3.5 0.8 29.8 0.5 -28.8 0.5 -28.8 0.2 -28.4 0.7 -28.7 0.6 -129 5 -139 2 -132 0 -134 3
C 0.14 0.05 3.6 0.3 29.6 0.5 -28.0 0.3 -27.0 0.1 -27.3 0.4 -27.5 0.4 -124 6 -138 2 -128 3 -130 6
D 0.42 0.06 4.2 0.3 30.7 0.2 -26.6 0.3 -25.4 0.4 -25.1 0.5 -25.9 0.7 -137 3 -138 2 -136 3 -138 4
E 0.74 0.15 5.2 0.2 30.3 0.1 -27.3 0.5 -25.9 0.4 -24.4 0.4 -26.6 0.6 -146 2 -146 3 -151 3 -149 4
F 0.49 0.22 4 0.4 29.9 0.1 -30.5 0.6 -29.4 0.5 -27.0 0.5 -29.5 0.7 -143 3 -145 2 -146 4 -143 4
CPI, carbon preference index; ACL, average chain-length; SE, standard error; WMA, weighted mean average of the n-C29 , n-C31 and n-C33 
alkanes.
Table 2: Weighted areal mean values for plant-wax-specific data.
N-S extent W-E extent Precipitation (mm/a)a δDp (‰ VSMOW)b MAT (°C)a VP (hPa)a
30-32°N West coast-8°W 277 -27 16.9 12.9
27-29°N West coast-9°W 79 -15 21.2 14.8
25-26°N West coast-13°W 30 -10 22.6 15.6
18-24°N West coast-15°W 44 -11 24.4 15.5
12-16°N West coast-15°W 801 -21 26.9 20.8
8.5-11°N West coast-12°W 2287 -25 26.1 24.2
δDp, δD of precipitation; MAT, mean air temperature; VP, water vapor pressure.
a Obtained from the CRU TS3.22 dataset (Harris et al., 2014; New et al., 1999).
b Obtained from the water isotopes dataset (Bowen and Revenaugh, 2003).
Table 3: Compilation of climatic parameters (annual catchment means), including precipitation amount 
and corresponding δD values (δDp), mean air temperatures (MAT) and water vapor pressure.
using the method described in Bowen and Wilkinson (2002). It is possible that gridded δDp 
values do not correspond to the real isotopic signature of precipitation due to the following 
reasons: (1) The uneven distribution and low number of GNIP-stations (GNIP = Global 
Network of Isotopes in Precipitation), particularly in West Africa (IAEA/WMO, 2014), results 
in the interpolation of δDp values over huge areas. (2) Temporally uneven sampling at 
different stations may create artifacts. Due to the lack of alternative data, this approach 
constitutes the best estimate available for our study. A compilation of these parameters is 
given in Table 3.
5.5 Results and discussion
5.5.1 Sedimentary concentrations and distributions of long-chain n-alkanes
Sedimentary  n-alkanes are dominated by long-
chain n-C27-35 homologs, with concentrations 
ranging from 0.01 to 2.02 μg g-1 dry weight. The 
most abundant compounds are the n-C29, n-C31 and 
n-C33 alkanes, reflected in ACL values between 28.6 
and 32.6 (mean 30.1; Table 1). CPI values range 
between 1.6 and 6.5 (mean of 4.1), reflecting the 
general odd-over-even carbon number predominan-
ce of higher plants (Eglinton and Hamilton, 1967). 
However, evaluating plant contributions with the 
CPI as a strict threshold value seems ambiguous, 
since modern plants cover a huge range of CPI 
values (Bush and McInerney, 2013). Considering 
our study area, previous dust analyses exhibit the 
lowest CPI values adjacent to arid regions, related 
to low plant-wax concentrations and potential 
contributions from other sources such as fossil fuel 
or marine lipids (Eglinton et al., 2002; Schefuß et 
al., 2003a). Remarkably, these studies found no 
influence on major (odd-numbered) homologs and 
associated isotopic signatures by  these potential 
admixtures. In our study, low CPI values are also 
linked to lower plant-wax concentrations and vice 
versa, reflected in a significant correlation between 
both data sets (r = 0.84; p  = 0.04; Table 4). Thus, 
CPI values of samples with low plant-wax 
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Fig. 5.2: Areal means of n-alkane distribution 
(% of n-C27-35 alkane content) and corres-
ponding δ13C values for major long-chain 
homologs. Error bars display the standard 
errors. In addition, the average chain-length 
(ACL) and their standard errors (in brackets) 
are indicated, as well as number of samples 
(n).
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concentrations might be compromised. However, considering the robust link between δ13Cwax 
and vegetation (Simoneit, 1997; Huang et al., 2000; Eglinton et al., 2002; Schefuß et al., 
2003a), we are confident that δDwax values are not compromised by other sources and reflect 
the hydrologic signal of the contemporary vegetation.
The n-C31 alkane is the dominant homolog throughout the transect, except for the 
southernmost area (F) with plant-wax distributions peaking at the n-C29 alkane (Fig. 5.2). This 
is in agreement with the general observation that (1) plants from the northern and southern 
transition zones to the Sahara, including grasses (Poaceae), shrubs and herbs (e.g., Artemisia), 
favor the production of n-alkanes with longer chain-length (Rommerskirchen et al., 2006a,b; 
Vogts et al., 2009; Garcin et al., 2014), and (2) that most of these plants are angiosperms (like 
Poaceae, Artemisia, Quercus and Acacia), which produce considerably higher amounts of n-
alkanes within their wax coatings than gymnosperms (like Pinus and Ephedra; Diefendorf et 
al., 2011; Bush and McInerney, 2013), thus dominating the distribution patterns of areas A-E. 
According to their protective function, plant-wax production increases when relative humidity 
decreases, comparable to an accelerated regeneration of abraded waxes induced by 
environmental stress (Shepherd & Griffith, 2006; Pedentchouk et al., 2008; Sachse et al., 
2009). Such conditions prevail in (semi-)arid regions of the steppe in the north (with C3 
grasses) or the Sahel in the south (with C4 grasses). Additional potential source areas are high-
altitude regions (e.g., the Atlas Mountains), where plants experience a combination of 
dehydration and low temperatures (Shepherd & Griffith, 2006). For the southernmost area 
(F), abundant and diverse “non-grassy” vegetation of the tropical rain forests may account for 
the dominant occurrence of the n-C29 alkane (Vogts et al., 2009).
5.5.2 Sedimentary δ13Cwax and continental vegetation
The δ13Cwax signature is mainly defined by two principal pathways of photosynthesis, with 
C3 plants being more depleted, on average, than C4 plants (e.g., Collister et al., 1994). Overall, 
δ13Cwax values in C3 plants cover a range from −32‰ to −39‰ and in C4 plants between 
−18‰ and −25‰ (Rieley et al., 1991, 1993; Collister et al., 1994; Rommerskirchen et al., 
2006a,b; Vogts et al., 2009). However, the large δ13Cwax variability observed for modern 
plants accounts for a huge uncertainty  in C3/C4 estimates (Castañeda et al., 2009; Diefendorf 
et al., 2010). For instance, calculating C3/C4 plant contributions from δ13Cwax values in area A 
off Morocco (with only C3 plants) yields unrealistic estimates of 24%, 29% and 41% C4 
plants for the n-C29, n-C31 and n-C33 alkanes, respectively. Therefore, we limit our 
interpretations to qualitative estimates by comparing δ13Cwax values to previously published 
pollen (Dupont and Agwu, 1991), plant-wax (Simoneit, 1997; Huang et al., 2000; Schefuß et 
al., 2003a) and climatic (Harris et al., 2014; New et al., 1999) data.The δ13Cwax records 
obtained from the n-C29, n-C31 and n-C33 alkanes are significantly correlated with each other 
(Table 4). The largest range of δ13Cwax values for single samples is found for the n-C33 alkane 
(δ13C33 between −31.9‰ and −23.4‰; Table 1). Areal means show slightly smaller ranges, 
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e.g., for δ13C33 between −31.2‰ and −24.4‰, due to averaging (Table 2). In general, most 
depleted values occur off Morocco and the coast of Guinea, while the most enriched values 
were detected at the latitude of the Sahel (Fig. 5.3), in line with previous works including 
aerosols (Simoneit, 1997; Schefuß et al., 2003a), marine sedimentary δ13Cwax (Huang et al., 
2000) and pollen assemblages (Hooghiemstra and Agwu, 1986; Dupont and Agwu, 1991). 
Our results agree well with the previous δ13Cwax mapping in this area (Huang et al., 2000) 
with only minor differences in the range of ±0.5‰ for the n-C29 alkane (Fig. 5.3). Typical 
pollen source indicators for the Mediterranean catchment comprise among others Quercus
(oak tree), Pinus (pine tree), Artemisia (shrub, herb) and Ephedra (shrub) species. Pollen from 
the latter three taxa is used as so-called NETW indicators (Fig. 5.3), since NETW are its 
dominant transport agents (Hooghiemstra et al., 1987). Poaceae (grasses) show maximum 
pollen percentages at  the latitude of the Sahel, in accord with highest grass coverage (in this 
case of the C4-type) on the continent (Dupont and Agwu, 1991). For the tropics, we chose 
Elaeis guineensis (oil palm) pollen as a representative for rain forest  vegetation (Dupont and 
Agwu, 1991). All these proxies reflect a consistent picture of the modern vegetation cover in 
West Africa, with major occurrences of C3 plants in the northern and southern parts of the 
transect and a maximum of C4 plants off the Sahel. Towards the southern end of the transect 
(areas D-F), the increasing offsets between the single long-chain n-alkanes is reflecting a 
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Fig. 5.3: West African vegetation.  Concentration-weighted areal means of the (a) n-C27-35 alkane concentrations, 
(b) carbon preference index (CPI), (c) average chain-length (ACL), (d) δ13C values for the n-C29, n-C31 and n-C33 
alkanes (in ‰ VPDB). Black circles denote δ13C values of n-C29 alkanes of single coretops within the transect 
reported by Huang et al. (2000). From our data set, the closest sample was chosen for comparison (grey dots) and 
reveals a good reproducibility with a maximum difference of 0.7‰ between our and previously published 
results. (e) Areal means for NETW indicator pollen and Elaeis (oil palms), representative for C3 plants in the 
northern and southern biomes, respectively, as well as (f) Poaceae (grasses), tracking the C4 grass maximum off 
the Sahel (Dupont and Agwu, 1991). (g) Annual mean air temperature (MAT) based on the CRU TS3.22 dataset 
(Harris et al., 2014; New et al., 1999). (h) Vegetation zones and C4 percentages simplified after White (1983). 
Grey boxes (A-F) indicate groups of coretops. Black boxes indicate assumed catchments for which climatic 
parameters were calculated.
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mixed C3/C4 vegetation with higher contributions of C4 plants in longer-chained n-alkanes 
(Rommerskirchen et al., 2006a,b).
In more detail, the single coretops in areas E and F harbor more information than the 
weighted areal means reveal. A clear N-S and E-W trend is apparent in area E: From N to S, 
δ13Cwax values increase in the range of 3‰ within 4° of latitude reflecting the vegetation 
transition (from C4 to C3 plants) on land. Furthermore, δ13Cwax values increase towards more 
distal locations by  ~1‰. Such a gradient is even more pronounced in area F (2-4‰) and can 
be attributed to elevated inputs of coastal C3 plants such as mangroves to sites proximal to the 
coast, in addition to C4 material delivered by strong NETW during winter further offshore 
(Harmattan; area F), in accordance with previous results (Dupont and Agwu, 1991; Huang et 
al., 2000). In other words, the NETW influence in the northern half is related to the input of 
C3 plant material from Mediterranean sources to the adjacent Atlantic ocean, while for the 
southern half, it is coupled to C4 plant material from the Sahelian region.
The adaptation of plants to environmental conditions is reflected in a significant 
correlation between δ13Cwax (for the n-C33 alkane: r = 0.92; p  < 0.01) and annual MAT (Table 
5). However, δ13Cwax values reveal no clear relationship with water vapor pressure. These 
contrasting observations are likely the result of contributions from different vegetation 
sources to the n-alkane record. Based on the δ13Cwax offsets between individual homologs, the 
n-C33 alkane is rather abundant in drought-exposed plants such as grasses and shrubs 
(Rommerskirchen et al., 2006a), explaining the damped sensitivity to water vapor pressure, 
while being more sensitive to MAT changes with higher temperatures favoring C4 plants (e.g., 
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n-Cx r p
δD 29/31 0.56 0.25
31/33 0.47 0.34
29/33 0.94 < 0.01
δ13C 29/31 0.98 < 0.01
31/33 0.91 0.01
29/33 0.83 0.04
δD vs. δ13C 29 -0.12 0.83
31 0.5 0.31
33 -0.68 0.14
WMA -0.12 0.83
δD vs. n-alkanes 29 -0.82 < 0.05
31 -0.76 0.08
33 -0.72 0.11
WMA -0.92 < 0.01
δD vs. CPI 29 -0.65 0.16
31 -0.75 0.09
33 -0.52 0.28
WMA -0.81 0.05
δD vs. ACL 29 -0.54 0.26
31 -0.09 0.87
33 -0.3 0.56
WMA -0.5 0.32
CPI vs. ACL 0.58 0.22
CPI vs. n-alkanes 0.84 0.04
ACL vs. n-alkanes 0.52 0.29
CPI, carbon preference index; ACL, average 
chain-length; n-Cx, n-alkanes with x carbon 
atoms; WMA, weighted mean average of the n-
C29 , n-C31 and n-C33 alkanes. Bold values are 
within the 95% confidence interval (p ≤ 0.05).
Table 4: Correlations (r- and p-values) 
for plant-wax-specific data.
n-Cx r p
δDwax vs. δDp 29 0.47 0.34
31 0.95 < 0.01
33 0.36 0.48
WMA 0.59 0.21
δDwax vs. Rainfall 29 -0.67 0.14
31 -0.55 0.26
33 -0.7 0.12
WMA -0.59 0.22
δDwax vs. MAT 29 -0.7 0.12
31 0.05 0.92
33 -0.83 0.04
WMA -0.56 0.25
δDwax vs. VP 29 -0.78 0.07
31 -0.37 0.46
33 -0.88 0.02
WMA -0.68 0.14
δ13C vs. Rainfall 29 -0.4 0.43
31 -0.25 0.64
33 0.16 0.76
WMA -0.26 0.62
δ13C vs. MAT 29 0.57 0.24
31 0.69 0.13
33 0.92 < 0.01
WMA 0.68 0.14
δ13C vs. VP 29 0.002 0.99
31 0.16 0.76
33 0.54 0.27
WMA 0.15 0.78
n-Cx, n-alkanes with x carbon atoms; MAT, mean 
air temperature; VP, water vapor pressure; WMA, 
weighted mean average of the n-C29 , n-C31 and 
n-C33 alkanes. Bold values are within the 95% 
confidence interval (p ≤ 0.05).
Table 5: Correlations (r- and p-values) for plant-wax-specific 
isotopes and environmental conditions for selected areas.
Ehleringer et al., 1997). Complementary to the finding of increasing C4 contributions with 
increasing chain-length, the correlation between δ13Cwax and MAT yields increasing 
significance with increasing chain-length.
Taken together, latitudinal changes in δ13Cwax can be summarized as follows: The northern 
part (areas A-D) reflects the southward decrease in C3 plant material carried by the NETW, in 
combination with increasing input of dust-hosted plant waxes from C4-dominated areas in the 
Sahel, while the southern part (area D-F) reflects the southwards increasing C3 vegetation 
cover in the tropics.
5.5.3 Sedimentary δDwax and continental hydrology
δDwax values of single coretop  samples range between −160‰ and −118‰ (Table 1) and 
the concentration-weighted areal means range between −151‰ and −124‰ (Table 2). The 
general pattern of δD31 values along the transect follows that of humid and arid regions (Fig. 
5.4), comparable to the δ13Cwax signal (Fig. 5.3). When comparing δDwax with δDp, δDC31 
appears to be the least biased indicator for annual δDp changes (r = 0.95; p < 0.01; Table 5). 
In contrast, the other two dominant homologs (n-C29 and n-C33) clearly  deviate from δD31 
variations in the northern half (A-C) of the transect (up to 19‰). This is reflected in 
statistically  insignificant correlations between the homologs, except for δD29 and δD33 (r = 
0.94; p  < 0.01; Table 4). These results differ from studies carried out in mid/high latitude and 
high-elevation areas showing an overall good correlation of δDwax values between individual 
homologs (e.g., Sachse et al., 2004; Bi et al., 2005; Smith and Freeman, 2006; Hou et al., 
2007; Rao et al., 2009; Polissar and Freeman, 2010; Shanahan et al., 2013). Recently, Wang et 
al. (2013) suggested δD of the n-C29 alkane as the most reliable indicator for precipitation 
variability in environments with mixed C3/C4 plant contributions, while the n-C31 and n-C33 
homologs were suggested to be more sensitive to vegetation changes (C3 vs. C4). Differences 
in δDwax have also been observed along a transect  of lacustrine surface sediments in 
Cameroon (Garcin et al., 2012). In this case, the δD29 was correlated with the δD of river 
water and groundwater, while δD31 was linked to lake water δD including its evaporative 
enrichment. Based on this, the two homologs were assigned to different environments, with n-
C29 being derived from the surrounding catchment and n-C31 from lakeshore vegetation. 
Differences between those studies and our data are likely related to varying catchment sizes 
ranging from individual plants, soils, lake sediments to marine sediments either dominated by 
fluvial or eolian sedimentation processes. While lake sediments incorporate a considerable 
amount of plant material from the direct vicinity of the lake, marine sediments are expected to 
integrate large source areas because of mixing of terrigenous (organic) material from different 
regions and atmospheric transport over large distances (Simoneit, 1977, 1997; Simoneit et al., 
1988, 1997; Schefuß et al., 2003a). In this way, various plant types from diverse ecosystems 
likely contributed to the marine sedimentary n-alkane records presented in this study. 
Apparently, different large-scale features are recorded by different n-alkanes. Similarly as 
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with δ13C33, δD33 values show a strong correlation with MAT (r = −0.83; p  = 0.04). For δD29, 
the correlation with MAT is not significant (r = −0.7; p = 0.12), while δD29 and δD33 are 
consistently correlated with each other (see above). A comparable, but positive correlation to 
MAT was also observed along a transect of European lake sediments (in this case for the n-
C29 and n-C31 alkanes), which was attributed to the increasing temperature effect on δDp
towards higher latitudes (Sachse et al., 2004). Considering lipid biosynthesis, Zhou et al. 
(2011) describe a negligible effect of temperature on the isotopic fractionation in C3 and C4
plants, while temperature does affect C3/C4 distribution (Ehleringer et al., 1997). Thus, the 
δDwax-MAT relationship observed in our study most likely indicates the environmental 
adaptation by plants (C3 vs. C4) to contrasting growing seasons north (winter) and south 
(summer) of the Sahara, with increasing ε and thus more depleted δDwax values towards the C4
maximum in the Sahel. We still note that  a direct comparison of δDwax and δ13Cwax hardly 
reveals any significant relationship between changes in vegetation and hydrology (Table 4). 
In contrast to δ13Cwax, water vapor pressure reveals a statistically significant influence on δD33
(r = −0.88; p = 0.02) and a weak one on δD29 (r = −0.78; p  = 0.07). This is comparable to the 
δDwax-MAT relationship, most likely due to the strong impact of MAT on the water vapor 
pressure. However, considering plant-dependent differences in isotopic fractionation between 
C3 and C4 plants, the correlation to MAT in conjuction with the δ13Cwax-MAT relationship 
suggests that, instead of δDp, vegetation changes are the primary influence on δD29 and δD33
variations, as opposed to δD31 changes, which are tightly linked to δDp variations (Fig. 5.4).
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Fig. 5.4: West African hydrology. (a) Annual precipitation amounts and (b) corresponding δD values (Bowen and 
Revenaugh, 2003). (c) Concentration-weighted areal mean δD values for the n-C29, n-C31 and n-C33 alkane. (d) 
Apparent fractionation ε between plant-wax and annual precipitation δD values. All δD values are given in ‰ 
(VSMOW). (e) δ13C values for the n-C29, n-C31 and n-C33 alkane (in ‰ VPDB). (f) Water vapor pressure based 
on the CRU TS3.22 dataset (Harris et al., 2014; New et al., 1999). (g) Annual precipitation δD values in West 
Africa (Bowen and Revenaugh, 2003). Grey boxes (A-F) indicate groups of coretops.  White boxes indicate 
assumed catchments for which climatic parameters were calculated. Note the parallel changes in ε and δ13Cwax, 
most pronounced for the n-C29 and n-C33 alkanes (see also Fig. 5.3 and Table 7).
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5.5.4 Apparent fractionation ε between δDwax and δDp
Calculated ε values for long-chain n-alkanes reveal clear differences (Table 6), similar to 
the δDwax signatures. Based on the present state of knowledge of the isotope fractionation end-
members in conjunction with the vegetation signal (δ13Cwax, pollen) in our study area, the 
offsets in ε can be interpreted as follows:
Except for the southernmost area (F), the n-C31 alkane is the dominant homolog and is thus 
regarded as most representative for the total catchment vegetation, since it  is the major 
constituent in plants adapted to aridity (Vogts et al., 2009; Rommerskirchen et al., 2006a,b), 
which comprise most  of the vegetation along the transect. Interestingly, it displays the most 
constant ε (ε31 within a range of 6‰; Table 6) with a mean of −126‰ for the entire transect. 
As mentioned in the introduction, clear differences in ε have been observed for different plant 
types (Sachse et al., 2012). Accordingly, it could be expected that under more humid 
conditions the average ε of the catchment vegetation decreases simultaneously  with a 
decrease in the relative proportions of grasses (both C3 and C4) vs. trees, with the former 
having the most negative ε. However, this is not the case for the n-C31 alkane. The 
homogeneity  of ε31 detected in this study  could potentially be the result of compensating 
effects of concomitant changes in climate-induced D-enrichment (more intense under dry 
conditions) and increased biosynthetic fractionation when more grasses and fewer trees are 
part of the vegetation under (semi-)arid conditions. Small latitudinal ε31 changes remain and 
can be assigned to changes in vegetation (r = −0.89; p  = 0.02), though this effect  appears 
negligible.
In contrast, the n-C29 and n-C33 alkanes reveal large gradients in ε (ε29, ε33) with differences 
of up to 30‰ (Table 6). This is comparable in magnitude to the δDwax and ε offsets in the 
northern half (A-C) of the transect. Since the long-chain n-alkanes n-C31 and n-C33 are 
prominent compounds in aridity-adapted plants like grasses and shrubs (Rommerskirchen et 
al., 2006a,b; Vogts et al., 2009), the observed deviations between the two homologs are rather 
unexpected and point to different plant contributions to the individual n-alkane records. 
The significant anti-correlation between ε33 and δ13C33 (r = −0.96; p < 0.01; Table 7) 
suggests a considerable influence of vegetation type with different photosynthetic pathways 
and associated plant life forms on hydrogen isotope fractionation. For the northern half, 
however, relatively high ε33 values (up to −104‰) are in contrast  to the average ε of C3 
grasses (−151‰ for the n-C31 alkane; Sachse et  al., 2012). Explaining this discrepancy  by 
soil-water D-enrichment alone seems insufficient, as n-C31 ε values are considerably lower 
(ca. −130‰). While the latter can be explained by  mixed contributions from C3 grasses and 
C3 trees, the ε33 indicates a clearly different plant-wax source apart from grasses. According to 
marine sedimentary pollen assemblages off Morocco (Agwu and Dupont, 1991), prominent 
candidates are shrubs and herbs (e.g., Artemisia) from the transitional steppe, which are 
expected to have relatively high proportions of very long-chain n-alkanes (Vogts et al., 2009) 
and are also known to have the most positive ε (Sachse et al., 2012). The latter is not 
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explicitly related to biosynthetic fractionation and could also result from evaporative D-
enrichment of soil water, since shrubs/herbs are common in arid environments. Less depleted 
ε were also observed for montane gymnosperm trees (Polissar and Freeman, 2010), which 
have a plant-wax n-alkane distribution dominated by the n-C33 alkane (Rommerskirchen et al., 
2006a). Still, compared to angiosperms, gymnosperms generally  produce low amounts of n-
alkanes (Diefendorf et  al., 2011; Bush and McInerney, 2013) and are unlikely  to contribute 
significantly to the n-C33 record. Hence, for the northern half of the transect, we tentatively 
attribute its main origin to drought-adapted/-exposed shrubs/herbs and shrub-like trees. South 
of the Sahara, C4 grasses are likely the dominant source, indicated by enriched δ13C33 and 
highest percentages of Poaceae pollen (Agwu and Dupont, 1991), except for the 
southernmost part (area F) close to the rain forest with increased C3 plant contributions (Fig. 
5.3).
The n-C29 alkane exhibits similar ε values as the n-C33 alkane in the northern half (area A-
C) of the transect, while in the southern half (D-F), it is more depleted, but closely related to 
the n-C31 and n-C33 alkanes (Fig. 5.4). Overall, changes in ε29 are primarily due to 
physiological/biosynthetic differences: For the northern half, ε29 shows a very good fit  to the 
globally averaged value (−113‰) for C3 trees (Sachse et al., 2012), while for the southern 
half, more depleted values are most likely  the result of mixed C3/C4 plant contributions. Our 
observations from the mixed C3/C4 vegetation are in contrast to those from SE Africa (Wang 
et al., 2013), since all three major long-chain n-alkanes show almost  identical δDwax and thus 
ε, consistent with studies from other regions (e.g., Sachse et al., 2004; Bi et al., 2005; Smith 
and Freeman, 2006; Hou et al., 2007; Rao et al., 2009; Polissar and Freeman, 2010; Shanahan 
et al., 2013).
If the n-C31 alkane can be interpreted as a mix of C3 trees/shrubs and C3 grasses, at least 
the n-C29 alkane should also have mixed contributions, since this compound is also produced 
by grasses. Comparable to the southern part, indicating the presence of C4 grasses by enriched 
δ13C29, grasses likely  contributed to the n-C29 alkane in the north as well. In contrast to 
δ13Cwax, pollen can distinguish among different C3 plants, but Poaceae (grasses) show low 
percentages for the northern half of the transect (Fig. 5.3). This is somewhat in contrast to the 
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Table 6: Apparent fractionation (ε) 
between plant-wax and annual 
precipitation δD values (‰ VSMOW) 
for major long-chain n-alkanes.
Annual ε
Area n-C29 n-C31 n-C33 WMA
A -107 -123 -104 -114
B -116 -126 -119 -121
C -115 -129 -119 -121
D -127 -128 -126 -128
E -128 -128 -133 -131
F -121 -123 -124 -121
Mean -119 -126 -121 -123
WMA, weighted mean average of the n-C29 , n-C31 
and n-C33 alkanes.
ε δ13C MATa VPa Precipitationa
n-Cx r p r p r p r p
n-C29 -0.75 0.08 -0.91 0.01 -0.57 0.23 -0.24 0.65
n-C31 -0.89 0.02 -0.38 0.46 0.16 0.76 0.56 0.25
n-C33 -0.96 < 0.01 -0.96 < 0.01 -0.67 0.14 -0.3 0.56
WMAe -0.9 0.01 -0.83 0.04 -0.41 0.42 -0.02 0.97
MAT, mean air temperature; VP, water vapor pressure; n-Cx, n-alkanes with x carbon 
atoms; WMA, weighted mean average of the n-C29 , n-C31 and n-C33 alkanes. Bold 
values are within the 95% confidence interval (p ≤ 0.05).
a Obtained from the CRU TS3.22 dataset (Harris et al., 2014; New et al., 1999).
Table 7: Correlations (r- and p-values) for apparent hydrogen 
isotopic fractionations (ε) of the dominant long-chain n-alkanes 
and corresponding plant-wax δ13C, as well as environmental 
conditions for selected areas.
more depleted ε31, which can be only explained by contributions from C3 grasses with a 
sufficiently low ε. Such observations emphasize the need to establish a mechanistic link 
between pollen and plant-wax production and transport. However, less negative ε29 relative to 
the n-C31 alkane indicates another source in addition to grasses, while these, together with 
shrubs, generally  produce lower amounts of n-C29 alkanes compared to trees 
(Rommerskirchen et al., 2006a,b; Vogts et al., 2009; Garcin et al., 2014). Nevertheless, 
accounting for any  mix of trees, shrubs and grasses to the n-C29 record would result in more 
negative ε29 compared to the observed value, which perfectly  matches the average ε of C3 
trees (see above). Furthermore, the offset between n-C31 and n-C33 also clearly indicates 
different sources for these waxes (grasses vs. shrubs) and the potential for D-enrichment. So 
far, our interpretations remain tentative, since modern δDwax data from Africa are not yet 
available. However, these findings are analogous to a δ13Cwax comparison between plant n-
alkanes and sedimentary n-alkanes in Cameroon, which suggests that different plants may 
contribute preferentially to different sedimentary n-alkanes (Garcin et al., 2014).
In summary, relatively  constant ε31 values (within a range of 6‰) identify this compound 
as most reliable indicator for precipitation changes in West Africa despite the large climatic 
gradient and shifts in vegetation. In contrast, the n-C29 and n-C33 alkanes are strongly  affected 
by vegetation changes (photosynthetic pathway  and plant life form) and possibly climatic 
influences favoring soil-/leaf-water D-enrichment. Interestingly, these effects are most 
pronounced north of the Sahara, while the mixed C3/C4 vegetation in the south yields an 
almost consistent hydrologic signal for all three major homologs. The isotopic offsets in the 
north are seen as the result of chain-length-selective contributions from plants with different 
life forms and/or from contrasting environments. In this way, major contributions to the n-C29 
alkane are likely derived from trees/forests, while the n-C33 alkane is rather indicative for 
shrubs and herbs under harsh climate conditions of the steppe and Atlas Mountains. The 
almost invariable ε31 across the whole transect is interpreted as a composite signal apparently 
compensating for nearly  all influences but δDp on the final δD31 signature. For the southern 
half, slightly more negative ε values for all three major homologs in area D and E relative to 
area F (< 10‰) are attributed to maxima in C4 grasses. Nevertheless, these differences are 
small and constitute only  a small fraction of the observed variability  along the whole transect 
(e.g., 29‰ for n-C33 from area A to E).
5.5.5 Comparison with previous δDwax calibrations and their implications for paleoclimate 
studies
Our results reveal more enriched δD31 values (>10‰) compared to a previous δDwax 
calibration from this area (Collins et al., 2013), which is probably due to different sample 
materials (coretops vs. late Holocene, 0-3 ka). In addition, relatively  constant ε31 values in our 
study suggest that a correction of δDwax values for changes in vegetation (Collins et al., 2013) 
is not necessarily  needed to assess δDp, at least in West Africa. Likewise, the δDwax calibration 
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derived from African lake sediments (Garcin et al., 2012) cannot be generally translated to 
marine settings, as already emphasized in a subsequent study (Garcin et al., 2014). Clear 
differences exist between these two approaches in terms of catchment size, thus potentially 
reflecting different environmental signals (see section 5.5.3). Most important are the 
deviations in ε: For the marine setting (this study), mean ε values south of the Sahara (area D-
F) are similar among homologs, while for the lake sediments, they are considerably different 
(>20‰ offset between the n-C29 and n-C31 alkane), as well as more depleted compared to our 
study (>40‰ for n-C31; Garcin et al., 2012). Furthermore, our calculated ε values are less 
negative by more than 10‰ relative to a transect of European lake sediments (−130‰ for n-
C29 and −141‰ for n-C31; Sachse et al., 2004), though such a difference is already  close to the 
uncertainties within the available δDp data (see Bowen and Revenaugh, 2003). Our results 
agree better with a δDwax transect  from Italy (−125‰ for n-C29 and −118‰ for n-C31; Leider 
et al., 2013) with differences of less than 10‰. Comparable to our study, minor ε variations 
for contrasting environments have also been detected in aerosols from North America, with ε 
values for the n-C30 fatty acid of −125‰ and −133‰ for arid and humid regions, respectively 
(Gao et al., 2014), leading to a similar conclusion of a compensation effect, i.e., a more 
negative ε of aridity-adapted grasses is balanced by increased D-enrichment due to 
evapotranspiration. Since the majority of marine sedimentary plant waxes in our study  area is 
related to dust transport, such a comparison to modern aerosols with good agreement proves 
the high potential for eolian mixing and thus the spatial integration of large catchments.
In general, marine sedimentary δDwax values record hydrologic changes across West 
Africa, but also reveal distinct variations between homologs from contrasting biomes north 
and south of the Sahara. Obviously, regional differences complicate straightforward 
interpretations owing to the combined effects of several factors including photosynthetic 
pathway, plant life form and climate (see section 5.5.4). In support of previous studies, this 
emphasizes the importance to account for vegetation composition in the catchment by a 
combination of δ13Cwax and pollen assemblages to derive better estimates of precipitation 
variability from individual homologs (e.g., Sachse et al., 2012). This also includes the 
consideration of geographic features like mountain ranges, which may further complicate 
interpretations, owing to additional effects on δDp. Certainly, using WMA instead of isotope 
values derived from single compounds seems applicable to records lacking additional 
environmental information. Nevertheless, the relatively constant ε31 values across the large 
climatic gradient in West Africa suggest  that this plant-wax compound provides a composite, 
catchment-integrated signal for reliable estimates of precipitation changes in the geological 
past. This supports previous δDwax studies in this area, which focused on the n-C31 alkane to 
derive paleohydrologic inferences (Niedermeyer et al., 2010; Collins et al., 2013; Kuechler et 
al., 2013). In contrast, latitudinal changes in ε29 and ε33 are primarily  related to shifts in 
photosynthetic pathway (from C3 to C4) and plant life form (shrubs to grasses), with likely but 
not quantifiable influences of evapotranspiration.
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Finally, the isotopic offsets between homologs presented in this study may provide an 
additional indicator of latitudinal shifts in climate and vegetation. Differences in δ13Cwax 
increase southward due to the shift from C3 to mixed C3/C4 plants, while those in δDwax 
increase northward due to varying contributions from different C3 species and/or 
environments to each homolog. For instance, considering a southward shift of the tropical 
rainbelt and associated vegetation during the geological past, the isotopic variations between 
homologs are expected to decrease in δ13Cwax and increase in δDwax at  a given core location 
close to the monsoon front. Such a relationship is likely a regional feature of the West African 
setting and has to be tested in the future for its reliability.
5.6 Conclusions
This study presents compound-specific isotope data of long-chain n-alkanes from a 
transect of 57 marine surface sediment samples along the West African coast between 31 and 
9°N, in order to investigate the link between marine sedimentary  δDwax and the δD of 
precipitation (δDp). Additional δ13Cwax measurements agree well with previous results, 
indicating a maximum in C4 plant contribution at the latitude of the Sahel, while C3 plants 
dominate the plant-wax input off Morocco and Guinea corresponding to the vegetation cover 
on land. Independent of marked latitudinal climate and vegetation shifts, ε31 values stay 
relatively constant (−126‰) along the transect and reveal the best correlation with annual 
δDp. In contrast, ε29 and ε33 values correlate significantly with δ13Cwax and MAT, suggesting a 
strong impact of climate-induced changes in vegetation and related differences in 
evapotranspiration on the δDwax of both homologs. These differences are most apparent in the 
north (area A-C), while in the south (D-F), δDwax and ε values are comparable among all 
major n-alkanes. Our interpretations of the isotopic offsets in the north remain tentative, since 
modern δDwax data from North Africa are not yet available. We interpret these offsets as 
characteristic features of the Mediterranean vegetation (C3 grasses, shrubs and trees) and/or 
contributions from different environments (forests, steppe, Atlas Mountains) with varying 
degrees of evapotranspiration and associated D-enrichment of soil- and leaf-water. In this 
way, the n-C29 alkane seems to be mainly derived from trees/forests, while the n-C33 alkane 
likely has major contributions from shrubs/herbs of the steppe and Atlas Mountains. For the 
West African transect, the n-C31 alkane appears most suitable to derive paleohydrologic 
implications from marine sedimentary archives. In addition, the distinct variations in δDwax 
and δ13Cwax along the transect  suggest that changes in the isotopic offsets between homologs 
might provide further indications of latitudinal shifts in climate and vegetation.
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VI
Synthesis and outlook
The main findings of the herein presented work are highlighted in brief summaries 
followed by  further discussion and notes, arising from each subproject, on the potentials for 
future research related to the fields of δDwax proxy calibration and forcing of orbital-scale 
monsoon variability.
6.1 West African monsoon during the Last Glacial cycle and its link to 
insolation, sea surface temperatures and trade wind strength
The first main part  (Chapter III) revealed a significant anti-correlation between δDwax and 
δ13Cwax at ODP Site 659 off West Africa throughout the Last Glacial cycle (last 130 ka). 
Complementary to published pollen data, this plant-wax signal is seen as the sensitive 
responses of the Sahelian vegetation cover to precipitation changes, as well as varying 
contributions from the Mediterranean biomes north of the Sahara (C3 domain) by  NETW. 
During arid phases, the Sahel experiences crucial water stress, resulting in a pronounced 
contraction of the vegetation cover and thus, a reduction of C4 plant waxes exported from this 
area. Equally important, the increase in NETW strength during dry periods provided more C3-
plant-wax material derived from the North African C3 plant domain. During humid periods, 
the C4-dominated Sahelian environments migrated northward into the Sahara and weaker 
NETW supplied less C3 plant waxes from the north. Arid-humid cycles deduced from plant-
wax δD are in line with simultaneous changes in weathering intensity deduced from major 
element variations. In general, climate shifts are either linked to large fluctuations in Northern 
Hemisphere summer insolation or, like during MIS 2 and 3 with low insolation variability, to 
alkenone-based SST estimates.
6.2 The climatic impact of the latitudinal insolation gradient
The second main part  (Chapter IV) extends the orbital-scale approach to the Pliocene and 
provides a revised picture of tropical monsoon variability on geological timescales, leading to 
the dynamic concept termed hybrid insolation forcing. Depending on the relative magnitudes 
of the precession and obliquity amplitudes, the West African monsoon responds preferentially 
to either local summer insolation (during strong precession cycles) or summer LIG (during 
weak precession cycles). This mechanism is already  evident since the early Pliocene (5 Ma 
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ago) and clearly amplified during the Last Glacial cycle, most likely due to ice-albedo 
feedbacks that strengthen high-latitude cooling and thus, the LIG-induced temperature 
contrast between high and low latitudes. In a broader context, these findings should have 
basic implications for paleoclimate/-environmental records linked to the West African 
monsoon, such as Mediterranean sapropel formation and hominin evolution and migration.
6.3 δDwax calibration and an additional indicator for environmental shifts
This study  presented the link between marine sedimentary δDwax and continental 
precipitation (δDp) across a large hydrologic gradient  in West  Africa (31-9°N). Additional 
δ13Cwax analyses agree well with previously published results, indicating a C4 maximum at the 
latitude of the Sahel, while C3 plants dominate off Morocco and Guinea corresponding to the 
vegetation cover. Notably, independent of the large latitudinal shifts in climate and vegetation, 
the apparent fractionation (ε) of the n-C31 alkane stays relatively constant (−126‰) along the 
transect and revealed the best correlation with annual δDp compared to that  of the n-C29 and 
n-C33 alkanes. In contrast, the latter two compounds correlate significantly with δ13Cwax and 
mean air temperatures, indicating a strong influence of vegetation changes and, likely, related 
differences in water use efficiency on the corresponding δDwax signatures. These differences 
are most apparent in the northern half of the transect, between Morocco and the Sahel, 
whereas in the southern half, δDwax and ε values yield minor deviations among homologs 
despite of mixed C3/C4 contributions. For the West African setting, it is concluded that the n-
C31 alkane appears most suitable to derive paleohydrologic reconstructions from marine 
sediments. 
The distinct isotopic offsets between homologs presented in Chapter V may provide an 
additional indicator of latitudinal shifts in climate and vegetation. As such, differences in 
δ13Cwax increase southward due to the shift from C3 to mixed C3/C4 plants, while those in 
δDwax increase northward due to varying contributions from different C3 species and/or 
environments to each homolog. When considering a southward (northward) shift of the 
tropical rainbelt and associated vegetation during the geological past, the detected isotopic 
variations between homologs are expected to decrease (increase) in δ13Cwax and increase 
(decrease) in δDwax at a given position in the vicinity of the present-day  monsoon front. Such 
a relationship is likely  a regional feature of the West African setting and has to be tested in the 
future for its reliability.
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6.4 Improving the δDwax calibration
The δDwax calibration in West Africa can be further strengthened through the analysis of 
dust/aerosol samples, in order to characterize the modern isotopic signals of eolian 
transported plant waxes offshore West Africa. Recently, such an approach has been 
undertaken in North America and demonstrated an almost constant relationship between 
δDwax and δDp (precipitation), despite of differences in humidity and plant communities (Gao 
et al., 2014). Since this is comparable to the findings presented in Chapter V, and most of the 
terrigenous fraction offshore West Africa is regarded as aeolian dust, the analysis of aerosols 
(e.g., from cruise POS425; Fischer et al., 2012; Fig. 6.1) will hopefully corroborate the 
conclusions drawn in this thesis. So far, the mapping of the δ13Cwax signature in West African 
aerosols has been shown to be tightly 
linked to the contemporary vegetation 
(Schefuß et al., 2003a), which is in good 
agreement with coretop studies (Huang et 
al., 2000; this study). Preliminary  lipid 
analysis of POS425 dust samples, collected 
during January 2012, yielded sufficient 
material for δDwax measurements. Since the 
sample set comprises a major dust storm, 
sampled in high temporal resolution (2 h 
intervals), the comparison of such events 
with the “background signal“ of the 
atmospheric dust load before and after the 
storm will allow further evaluation of the 
importance of such dust outbraks for plan-
wax deposition in the subtropical Northeast 
Atlantic.
6.5 Implications for the assessment of the internal monsoon variability and 
the linkages of low and high latitude climate
The persistent shifts in orbital periodicities (between precession and obliquity) is clearly 
evident within the δDwax and dust records of West African arid-humid cycles, which is 
explained by the dominant influence of either (precession-driven) local summer insolation or 
the (obliquity-driven) summer LIG, depending on the strength in amplitudes of the respective 
forcings relative to each other (Chapter IV).
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Fig. 6.1: Satellite image of a dust storm over West Africa 
on January 19th,  2012, with cruise track of RV Poseidon 
Cruise POS425 (red line) and poistions of dust samples 
(adapted from Fischer et al.,  2012). Image source: http://
lance-modis.eosdis.nasa.gov/cgi-bin/imagery/single.cgi?
image=WestAfrica.A2012019.1430.2km.jpg.
Last Glacial cycle
A comparison of climate records from West, Central and Southwestern Africa from the 
Last Glacial cycle further supports an influence of LIG variations (Fig. 6.2). With regard to 
phase relationships and their influence on interglacial/glacial strength (according to Jouzel et 
al., 2007), the exceptionally high humidity levels during the AHP seem to be the result of the 
in-phase relationship  of a summer insolation maximum and summer LIG minimum. In 
contrast, the LGM  occurred during a period when the insolation minimum just followed after 
the absolute obliquity  minimum (and thus LIG maximum), providing the basis for minimal 
moisture generation (low insolation) and maximum moisture export from low to high latitudes 
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Fig. 6.2: Comparison of climate records from 
West, Central and Southwest Africa for the 
Last Glacial cycle. (a) Latitudinal insolation 
gradient (LIG) between 30-60°N during 
Northern Hemisphere (NH) summer (JJA; 
after Davis and Brewer,  2009). (b) Grain-size-
based humidity index from GeoB7920-2 
(Tjallingii et al., 2008). (c) δD and (d) δ13C 
records of the n-C31 alkane from ODP Site 
659 (this study). (e) δ13C records of the n-C31 
alkane from GeoB9528-3 (Castañeda et al., 
2009). (f) δ18Osw record from MD03-2707, 
indicating riverine runoff (Weldeab et al., 
2007). (g) δD and (h) δ13C records of the n-
C31 alkane from MD08-3167 (Collins et al., 
2014). (i) Summer (JJA) insolation at 20°N. 
Orbital parameters are calculated after Laskar 
(1990). Vertical bars highlight humid (green) 
and arid (yellow) phases. Arrows mark 
synchronous major climate shifts during the 
dominant summer LIG interval.  Note that the 
Southern Hemisphere records are in general 
agreement with austral summer insolation 
(thus in anti-phase with 20°N insolation).
(strong LIG), thus amplifying West African aridity and high-latitude ice sheet growth. 
Furthermore, severe dry conditions have been reported for MIS 4 (e.g., Weldeab et al., 2007; 
Tjallingii et al., 2008; Castañeda et al., 2009; this study), which is also marked by  the 
combination of summer LIG maximum and insolation minimum.
While model and proxy  data were able to explain the millennial-scale droughts in West 
Africa (linked to Heinrich events), they  were inconsistent in terms of the millennial-scale 
humid events detected in GeoB7920-2 during MIS 3 (Tjallingii et al., 2008). Instead, the 
authors found good agreement with humid events detected in the western Mediterranean and 
assume a similar explanation, related to increased winter precipitation due to a southward 
shift of the mid-latitude wind systems. However, with regard to the long-term development 
during MIS 2-4, which seems to be mainly dominated by summer LIG variations, as 
postulated by the hybrid insolation forcing, the millennial-scale humid events reported by 
Tjallingii et al. (2008) appear as the general climate mode during this period, with millennial-
scale dry spells superimposed on the orbitally forced variability. In this way, the dry spells 
during the summer LIG minimum around 40-60 ka (generally humid) are more pronounced 
than during the preceding summer LIG maximum at 60-80 ka (generally arid). Furthermore, 
the δ13Cwax record from GeoB9528-3 at around 9°N (Castañeda et al., 2009) clearly supports 
the summer LIG forcing during MIS 3 and 4, since local summer insolation cannot account 
for the observed changes, as is the case for the ODP 659 records. Notably, even the δ13Cwax 
record from southwestern Africa (Collins et al., 2014) rather shows a link to obliquity than to 
precession between 30-80 ka, in-phase with the δ13Cwax record from the northern subtropics 
(ODP 659).
Interestingly, plant-wax-isotopic records from southwestern Africa revealed a generally 
similar pattern as was found in northwestern Africa (this study), i.e., the anti-correlation 
between δDwax and δ13Cwax (Collins et al., 2014). For the southern part, this was explained by 
stronger seasonality (more enriched δ13Cwax and thus more C4 plants) during insolation 
maxima, which also resulted in increased summer precipitation (more depleted δDwax). In 
contrast, it  is suggested in this thesis (Chapter III) that increased NETW during arid phases 
(more enriched δDwax) provided more plant  waxes from the C3 vegetation north of the Sahara. 
Since the environmental context in southern Africa is comparable to the north, i.e., C3 
vegetation in the winter rainfall zone and strong trade winds during the winter season, the 
observed anti-correlation in the south might also result from the activity of the trade winds. 
However, the synchronous changes in the northern and southern parts of Africa during MIS 5 
remain a challenge for assigning the responsible forcing mechanism(s), since both records 
have been linked to local summer insolation, which is in anti-phase between hemispheres (due 
to precession). It is argued in Chapter III that the slight offsets between the ODP 659 δDwax 
record and insolation might result from uncertainties in the age model. Alternatively, 
according to Huybers and Denton (2008), an almost interhemispheric response to precession 
(and obliquity) could arise from local summer insolation intensity in the north and local 
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summer duration in the south. However, forcing by southern summer duration is questionable, 
since it is not fully confirmed by  modern observations (Laepple et al., 2011). Instead, these 
authors suggest  that a higher sensitivity to winter conditions in the south would also result in 
an in-phase relationship  with boreal summer insolation. Recently, climate models for the 
AHP, which was also hemispherically  symmetric, indicate a strong impact of changes in 
AMOC strength on the hydrology  of Africa in both hemispheres (Otto-Bliesner et al., 2014). 
These results show that AMOC reduction, induced by deglacial meltwater input, initially 
caused dry  conditions in both hemispheres, while its subsequent reestablishment triggered 
wetter conditions. However, the mechanisms were found to be different, with northern Africa 
responding to summer insolation and elevated greenhouse gases and southern Africa being 
primarily  affected by greenhouse gases (Otto-Bliesner et al., 2014), which could also explain 
the interhemispheric symmetry  of hydrologic changes in Africa since the LGM (Collins et al., 
2011).
One fundamental question arising from the consistent relationship  between δDwax and 
δ13Cwax during the Last Glacial cycle is: When and why exactly did the anti-correlation 
emerge? It  is clear that this must have happened during the past 3 Ma, at least  at ODP Site 
659, since the Pliocene records (3-5 Ma) are lacking this pattern. In turn, this suggests a link 
to the glacial-interglacial cycles of the Northern Hemisphere, potentially associated with 
stronger LIG forcing due to an increase in obliquity  fluctuations (see below) combined with 
ice-albedo feedbacks, enhancing the atmospheric circulation and thus NETW strength. 
Indeed, pollen assemblages from ODP 659 show that trade wind strength has intensified since 
2.5 Ma, synchronous with the intensification of NHG (Vallé et al., 2014). Thus, it  would be 
interesting to “trace back“ the observed anti-correlation through the preceding glacial-
interglacial cycles to its origin, and to find out whether the different proxy  indications for the 
onset of strong NETW are consistent with each other.
Northern Hemisphere Glaciations
The interplay between high and low latitudes, based on meridional heat and moisture 
transport and associated feedbacks, was already  demonstrated in the Introduction, including 
latitudinal gradients (Raymo and Nisancioglu, 2003; Davis and Brewer, 2009), as well as the 
strength (Jouzel et al., 2007) and duration (Tzedakis et al., 2012) of interglacials related to the 
phase relationship  between precession and obliquity. Furthermore, it was noted that obliquity 
cycles have also been found in other monsoon systems, such as the Indian and East Asian 
monsoons (Clemens and Prell, 2007). With regard to the hybrid monsoonal forcing concept, 
these observations could suggest that (summer) LIG forcing is a global climate feature.
Considering the northern high latitudes, it has been suggested that increased moisture was 
already provided since 4.6 Ma by  increased thermohaline circulation (AMOC) due to the 
shoaling of the CAS, and that the progressive increase in obliquity  amplitudes between 3.1 
and 2.5 Ma was the final step towards the build-up of large ice sheets, given the increasingly 
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colder summer conditions at high latitudes due to obliquity  (Haug and Tiedemann, 1998). In 
light of the identified LIG forcing in this thesis, the increase in obliquity  amplitudes 
necessarily implies an increase in summer LIG variability, with a strengthened LIG during 
obliquity minima enhancing poleward atmospheric moisture transport  and thus, contributing 
to ice sheet growth as well. Thus, it  appears most reasonable that the intensification of NHG 
resulted from the combined effects of various processes, already mentioned in the beginning 
of this thesis, including the mechanisms implemented in the Panama hypothesis (Driscoll and 
Haug, 1998), increased poleward freshwater fluxes and thermal isolation of Greenland 
(Sarnthein et al., 2009), decline in pCO2 (e.g., see review by De Schepper et al., 2014) and 
the gradient hypothesis (Raymo and Nisancioglu, 2003), which is well supported by the 
herein presented proxy data from the subtropics.
In terms of the eccentricity  signal in climate records, it has been suggested that they 
originate form a preferential response of the climate system to the warmer phases of the 
eccentricity-modulated precession cycles (Clemens and Tiedemann, 1997), as inferred from 
the benthic δ18O record from ODP Site 659 (see also section 1.2.1). However, the Pliocene 
δDwax and dust records from this site seem to be rather more sensitive to the colder phases of 
the precession cycle, since the most severe dry periods are linked to extreme insolation 
minima, thus creating the long-term variability of the records (see running mean of δDwax in 
Fig. 4.2). The contrast in sensitivity between the δ18O and δDwax records seems inherent to the 
different systems: The benthic δ18O signal registers changes in NADW formation related to 
NHG and thus, is likely  more prone to the melting of ice sheets during warm phases, which is 
considered as a faster process than its build-up, potentially explaining the higher sensitivity of 
δ18O to warmer phases of the eccentricity-modulated precession cycles. In turn, the δDwax and 
dust variations mostly reflect changes of the Sahara-Sahel-transition, which is highly 
susceptible to varying precipitation amounts, presumably leading to a faster vegetation 
dieback and aridification under dry conditions than a greening of the Sahara during humid 
phases, which might explain the higher sensitivity of δDwax to colder/drier phases of the 
eccentricity-modulated precession cycles.
Furthermore, it has been questioned that increased glacial dust fluxes are generally 
indicative for changes in source area aridity, since changes in wind path and strength could 
have a stronger impact on the amount and composition of dust (Sarnthein et al., 1982; 
Ratmeyer et al., 1999b). Analogous to dust, the anti-correlation between the δDwax and δ13Cwax 
records during the Last Glacial cycle indicates contributions from different plant-wax sources 
north and south of the Sahara. However, since the majority of these waxes is attributed to 
sources in the Sahel, also the δDwax signal is regarded to reflect the hydrologic conditions of 
this region. In combination with the finding that δDwax and dust variations are consistently 
correlated with each other, this suggests that also the dust  signal provides a sufficient 
indication of source area aridity.
VI Synthesis and Outlook_____________________________________________________
______________________________________________________________________
90
Conceptual model for the fusion of forcings of the West African monsoon on seasonal and 
orbital timescales
Evidence for LIG forcing of the West African monsoon provides the basis for further 
considerations of its climatic significance in this context related to the internal monsoon 
variability. Since it was demonstrated that summer LIG variations can exert a considerable 
influence on the northward distribution of monsoonal rainfall, the potential impact of the LIG 
during winter should also be considered. The seasonal cycle of LIG forcing strongly 
determines the temperature distribution (see Davis and Brewer, 2009, 2011): During summer, 
the LIG is weak and so is the temperature gradient, resulting from high-latitude warming 
under polar day conditions. This leads to a poleward shift of the main climate belts, including 
the tropical monsoons and mid-latitude westerlies. But during winter, the LIG strengthens due 
to polar night conditions at high latitudes, shifting these climate belts back towards the 
equator.
On orbital timescales, this means, if summer LIG controls the northernmost extent of the 
monsoon (most evident during eccentricity minima), than winter LIG should determine its 
southernmost position (likely  most evident during eccentricity maxima). A stronger LIG, for 
both summer and winter, shifts the monsoon front towards the equator. Considering the 
distinct orbital signatures of the different seasonal LIG forcings (obliquity  during summer and 
precession during winter), their phase relationships may provide deeper insights into tropical 
climate variability. The annual migration of the tropical rain belt from its northernmost 
position during summer to its southernmost position during winter defines the area of a single 
summer rainfall maximum. Furthermore, the area of a double rainfall maximum is defined by 
the winter positions of the rain belt in each hemisphere (e.g., Gasse et al., 2008). In terms of 
the internal monsoon variability  (Fig. 6.3), accounting for different  (seasonal) gradient 
forcings provides a means of estimating the potential (relative) extent of the areas with single 
and double annual rainfall maximum. Since the northernmost position of the monsoon front 
varies mostly with obliquity and its southernmost position with precession, the area in-
between (i.e., the area with single rainfall maximum during summer) is determined by 
summer and winter LIG changes. In turn, the area of double rainfall maximum lies between 
the winter positions of the monsoon front of both hemispheres. Such an interpretation is in 
line with a synthesis of African pollen records, revealing different forcing mechanisms at 
different latitudes (as mentioned in the Introduction), with precession-driven tropical rain 
forests and obliquity-dominated subtropical vegetation with further influences of glacial 
boundary conditions (100 ka cycles; Dupont, 2011). Thus, the concept of a hybrid insolation 
forcing inferred from the ODP 659 records could also mean that the vegetation in the Sahel, 
or the subtropics in general, is more prone to changes at  its northernmost extent during low 
eccentricity intervals (thus dominated by obliquity-driven summer LIG), while being more 
sensitive to changes at its southern boundary during high eccentricity intervals and thus 
precession (winter LIG).
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Fig. 6.3: Conceptual model for the fusion of forcings of the West African monsoon on seasonal and orbital 
timescales. Gradients are displayed as elongated triangles indicating relative gradient strength by length and 
relative moisture content by base width,  shown in the lower left corner. Orbital parameters after Laskar (1990). 
Graphs to the right are examples for the Last Glacial cycle.  (1) Local insolation is the primary driver of 
atmospheric moisture generation (via evapotranspiration from ocean/land) and is dominated by precession. (2) 
The interhemispheric insolation gradient (IHIG) controls the transport of moisture to the continent via 
temperature/pressure gradients (Nicholson, 2009; Bosmans et al.,  2014),  which are amplified by the land-ocean 
contrast,  particularly in West Africa. Its variability on orbital timescales equals the high-latitude insolation, with 
a stronger influence of obliquity compared to low latitudes. (3) The latitudinal insolation gradient (LIG) between 
low and high latitudes influences the northward distribution of monsoonal rainfall (Davis and Brewer, 2009) and 
the low-to-high latitude export of energy and moisture (Raymo and Nisancioglu, 2003). A weak (strong) LIG 
leads to reduced (intensified) energy export from low to high latitudes and shifts the monsoon front to the north 
(south). Cooling at high latitudes increases the LIG effect on the latitudinal temperature gradient via ice-albedo 
feedbacks (and likely greenhouse gases and vegetation).  In turn, an amplified temperature increase at high 
latitudes during warm phases,  relative to the tropics, decreases the LIG-induced temperature gradient. In the 
same way, more vegetation at low latitudes during warm (and humid) phases dampens the insolation-induced 
heating via albedo feedbacks (Gasse, 2000) and thus, also reduces the temperature gradient between high and 
low latitudes. Today, these three insolation parameters (local insolation, IHIG, and LIG), together with feedback 
mechanisms, shape the temperature/pressure distribution and thus the atmospheric circulation. During summer 
(winter), this results in enhanced (eased) moisture generation via (1) stronger (weaker) local insolation, transport 
to the continent via (2) higher (lower) IHIG, and poleward distribution of monsoonal rainfall via (3) lower 
(higher) LIG. On orbital timescales, the phase relationships between these parameters might provide a means of 
estimating the relative extent of subtropical (single summer rainfall maximum) and tropical (double rainfall 
maximum) climate and vegetation zones (see discussion in text).
Recently, climate models confirmed a significant impact of obliquity-induced changes in 
LIG, but also in the interhemispheric insolation gradient (IHIG), on large-scale features of the 
atmospheric and ocean circulation (Mantsis et  al., 2014). It  was shown that low obliquity 
leads to (1) a weakening of the cross-equatorial Hadley circulation and thus, a reduction in 
meridional heat  transport from the summer to the winter hemisphere, as well as (2) an 
increase in mid-latitude summer eddy activity, leading to an enhanced atmospheric heat 
transport between low and high latitudes, which also displaces the ITCZ towards the equator 
(Mantsis et al., 2014). While this model is in strong support for summer LIG forcing, which is 
indeed dominated by obliquity, the impact of obliquity on the IHIG seems far too weak, 
considering the orbital-scale IHIG variability, which equals high-latitude insolation (both 
dominated by precession; Fig. 6.3; see also Fig. 1.9). Still, the relative contributions of 
obliquity to summer insolation are higher at  high latitudes (similar to IHIG) than at  low 
latitudes (in contrast  to IHIG), likely explaining the results of the climate model in terms of 
the Hadley  circulation, while also equatorial climate records appear more sensitive to IHIG 
than local summer insolation, though differences are small. Indeed, a recent (and still 
ongoing) discussion rather focuses on the IHIG to explain oblilquity cycles in low-latitude 
climate records (Bosmans et al., 2015). However, since this is based on climate models, it is 
important to emphasize that subtropical proxy records are rather affected by obliquity, while 
tropical proxy records have a stronger precession signal (Dupont, 2011; Fig. 6.2). The former 
is most likely the result of summer LIG forcing related to its distinct orbital signature, while 
the latter could either result from local insolation, IHIG, winter LIG or a combination of these 
parameters, since all have nearly identical orbital signatures. Since all have been shown to 
contribute to climate variability, the combination of these likely amplifies the precession 
signal in the tropics. Finally, it has to be emphasized again that the clear indication for 
summer LIG forcing makes a complementary influence of winter LIG highly plausible, and in 
combination, they may provide a means of estimating the extent of the tropical and 
subtropical climate zones in West Africa (Fig. 6.3), which can be tested, for instance, with 
pollen and plant-wax-isotopic records.
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